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ABSTRACT
Developing new practical hydrogen storage system with high volumetric and
gravimetric hydrogen densities is necessary to implement fuel cell technology for
transportation applications. One very promising option regarding safety and
volumetric capacity is storage in metal hydrides. However, no single metal hydride
fulfils all the requirements relating to hydrogen capacity, reaction enthalpy, and
reaction kinetics for efficient hydrogen storage in the required operating temperature
ranges. The objective of this thesis is to promote the kinetics and tailor the
thermodynamics of the light metal hydrides such as magnesium hydride,
borohydrides, and alanates by employing material design strategies such as catalytic
doping and additive destabilization. In this study, a series of combined systems such
as NaBH4-MgH2, LiAlH4-NaBH4, NaBH4-CaH2, NaBH4-Ca(BH4)2, LiBH4-MgH2,
LiAlH4-LiBH4, LiAlH4-MgH2, and LiAlH4-MgH2-LiBH4 ; and a series of single
metal hydrides such as Ca(BH4)2, Ti-catalyzed NaBH4, Ni and Co-catalyzed MgH2,
and NbF5 and/or single-walled carbon nanotube (SWCNT) catalyzed NaAlH4 have
been systemically investigated for hydrogen storage.
For NaBH4, we found that the hydrogen de/absorption properties of NaBH4
can be improved by doping with different Ti-based additives including Ti, TiH2 and
TiF3, in which TiF3 possessed the highest catalytic activity for the hydrogen sorption
reaction of NaBH4. The observed promotion effect of TiF3 on the reversible
dehydrogenation of NaBH4 could be explained by the combined effects of active Ti
and F- containing species. To further improve the kinetic and thermodynamic
properties of NaBH4, a series of destabilizing agents such as MgH2, LiAlH4, CaH2,
and Ca(BH4)2, were combined with NaBH4 to form reactive hydride composites
(RHCs) such as NaBH4-MgH2, LiAlH4-NaBH4, NaBH4-CaH2 and NaBH4-Ca(BH4)2.
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It was found that the dehydrogenation thermodynamics of NaBH4 could be modified
by forming MgB2, AlB2, and CaB6 compounds upon dehydrogenation. The formation
of boride compounds also led to improved reversibility. In particular, the
de/rehydrogenation properties of these combined systems can be further improved by
use of dopant catalysts such TiF3 and NbF5.
For the LiBH4-MgH2 composite system, it was demonstrated that the
dehydrogenation and rehydrogenation kinetics, as well as the capacity can be
significantly improved by combined use of hydrogen back pressure and NbF5
addition. It was also found that the hydrogen de/absorption kinetics of the LiBH4MgH2 system was enhanced by doping with a novel catalyst, ruthenium
nanoparticles supported on multiwalled carbon nanotubes (Ru/C). Meanwhile, we
also demonstrated that the hydrogen de/resorption properties of the LiBH4-MgH2
system were modified by introducing Ni nanoparticles, through the catalytic effect of
Ni and the formation of Mg-Ni-B ternary alloy upon dehydrogenation.
We have also found that the binary hydride systems such as LiAlH4-MgH2
and LiAlH4-LiBH4, and ternary hydride system LiAlH4-MgH2-LiBH4, display
superior de/rehydrogenation performance compared to their individual hydrides (e.g.
LiAlH4, MgH2 and LiBH4) or binary mixtures of those components (LiAlH4-MgH2,
LiAlH4-LiBH4, MgH2-LiBH4). The enhancement of the hydrogen sorption properties
was likewise attributed to the formation of intermediate compounds, including Li-Mg,
Mg-Al, Al-B, and Mg-Al-B alloys, upon dehydrogenation, which change the
thermodynamics of the reactions through altering the de/rehydrogenation pathway. It
was also demonstrated that doping with TiF3 can further promote this interaction and
thus enhanced the hydrogen sorption properties of these systems.

iv

It was also found that the dehydrogenation temperature and the
absorption/desorption kinetics of MgH2 were improved by adding either NiCl2 or
CoCl2, and a significant enhancement was obtained in the case of the NiCl2 doped
sample. Kinetic investigation indicated that the formation of Mg from the
dehydrogenation of the milled MgH2 is controlled by a slow, random nucleation and
growth process. However, after NiCl2 or CoCl2 doping, the nucleation process of Mg
is transformed into two-dimensional growth. The results suggested that the additives
reduced the kinetic barrier and lowered the driving forces for nucleation.
We have also systematically investigated the dehydrogenation kinetics and
thermodynamics of Ca(BH4)2. It was found that the dehydriding reaction of
Ca(BH4)2 starts at approximately 320 °C, and about 9.6 wt % hydrogen is desorbed
through the two-step reaction. Furthermore, the apparent activation energy (Ea),
enthalpy of reaction (ΔH), and entropy of reaction (ΔS) has been estimated based on
the results of the TPD and PCT measurements.
It was also found that the dehydrogenation/hydrogenation properties of NaAlH4
were significantly enhanced by mechanically milling with NbF5. Furthermore, it was
revealed that there is a synergistic effect of SWCNTs and NbF5 on the
de/rehydrogenation of NaAlH4, which improves the hydrogen de/absorption
performance when compared to adding either SWCNTs or NbF5 alone. These results
are attributed to the active Nb-containing species and the function of F anions, as
well as the nanosized pores and high specific surface area of the SWCNTs, which
facilitates the dissociation and recombination of hydrogen molecules on their
surfaces and the atomic hydrogen diffusion along the grain boundaries and inside the
grains, and decreases the segregation of bulk Al after the desorption.

v

ACKNOWLEDGEMENTS
I would like to express gratitude to my supervisors Prof. Zaiping Guo and
Prof. Huakun Liu for giving me the opportunity to work on this study. I wish to
thank them for their expert guidance and discussions, support and encouragement,
and at the same time giving me freedom for independent research.
I would also like to express my appreciation to Prof. Xuebin Yu from Fudan
University and Prof. Zhu Wu from Chinese Academy of Sciences for their great
support and help. People from their groups, such as Dr. Yanhui Guo, Mr. Guanglin
Xia, Mr. Zhilin Li, Mrs Jun Ni, Mr. Runbo Wang and Dr. Haiyan Leng are also
acknowledged.
Thanks also go to the staff, technicians, and colleagures at ISEM including
Prof. Shixue Dou (Director), Mrs. Crystal Login (Administrative Officer), Mrs.
Joanne George (Laboratory Officer), Mr. Robert Morgan and Mr. Ron Kinnell
(Mechanical works), Mr. Darren Attard (SEM/FTIR), Dr. Germanas Peleckis and Dr.
Rong Zeng (XRD), Dr. Ivan P. Nevirkovets (XPS), Dr. Kosta Konstantinov
(TGA/DSC), Dr. Sima Aminorroaya (PCT), Dr. Tania Silver (paper and thesis
editing), and others for their wonderful help.
Also, I would like to thank all members of Prof. Guo’s group for their help
and friendship, such as Dr. Abbas Ranjbar, Dr. Chung kiak Poh, Dr. Peng Zhang, Mr.
Guodong Du, Mr. Chaofeng Zhang, and Mr KuokHau Seng. My thanks are also
extended to Mr. Mohammad Ismail for his help and useful discussions.
I would like to express my deep appreciation and love to my entire family for
their support, patience and encouragement during all my studies. I would also like to
thank my lovely girlfriend Fan Qian for the love and faith she has in me. It is my best
gift to meet her during this study and I love her forever with all my heart.

vi

TABLE OF CONTENTS
CERTIFICATION.................................................................................................. i
ABSTRACT ........................................................................................................... ii
ACKNOWLEDGEMENTS................................................................................... v
TABLE OF CONTENTS...................................................................................... vi
LIST OF FIGURES ............................................................................................. xii
LIST OF TABLES .............................................................................................xxiv
CHAPTER 1 INTRODUCTION........................................................................... 1
1. 1

General background.................................................................................. 1

1. 2

Hydrogen economy .................................................................................. 2

1. 3

Hydrogen storage methods ....................................................................... 3

1. 4

Hydrogen storage target............................................................................ 4

1. 5

Research aims and scope .......................................................................... 6

1. 6

References................................................................................................ 9

CHAPTER 2 LITERATURE REVIEW ON METAL HYDRIDES ...................10
2. 1

Chemical storage in solid state materials..................................................10

2.1.1 Metal hydrides.....................................................................................10
2.1.2 Chemical hydrides ...............................................................................13
2. 2

Thermodynamics and Kinetics of Metal Hydrides ...................................15

2.2.1 Thermodynamics .................................................................................15
2.2.2 Kinetics ...............................................................................................18
2. 3

MgH2 ......................................................................................................24

2.3.1 Thermodynamic destabilization ...........................................................25
2.3.2 Mechanical and Catalytic effects on kinetics........................................26
2.3.3 Size effects ..........................................................................................28
2. 4

Alanates ..................................................................................................31

2.4.1 NaAlH4 ................................................................................................31
2.4.2 LiAlH4 .................................................................................................33
2.4.3 Other alanates......................................................................................35
2. 5

Borohydrides ...........................................................................................38

2.5.1 LiBH4 ..................................................................................................38
2.5.11 Tailoring the thermodynamic ...................................................................... 39
2.5.12 Promoting the kinetics .................................................................................. 43

vii

2.5.2 NaBH4 .................................................................................................44
2.5.3 Other borohydrides ..............................................................................45
2. 6

References...............................................................................................49

CHAPTER 3 EXPERIMENTAL .........................................................................66
3. 1

Materials .................................................................................................66

3. 2

Handling of Materials ..............................................................................67

3. 3

Experimental Procedures .........................................................................67

3. 4

Materials synthesis ..................................................................................68

3. 5

Physical and Structural Characterization..................................................69

3.5.1 X-ray diffraction..................................................................................69
3.5.2 Fourier Transform Infrared (FT-IR) Spectroscopy ...............................70
3.5.3 X-ray Photoelectron Spectroscopy (XPS) ............................................70
3.5.4 Scanning

Electron

Microscopy

(SEM),

Transmission

Electron

Microscopy (TEM), and Energy-Dispersive X-ray (EDX) Spectroscopy .........70
3. 6

Hydrogen storage properties measurement...............................................71

3.6.1 Hydrogen Content ...............................................................................71
3.6.2 Thermogravimetry and differential scanning calorimeter .....................72
CHAPTER 4 MODIFIED SODIUM BOROHYDRIDES FOR REVERSIBLE
HYDROGEN STORAGE.....................................................................................74
4. 1

Introduction.............................................................................................74

4. 2

Hydrogen de/absorption improvement of NaBH4 catalysed by titanium

based additives....................................................................................................76
4.2.1 Preparation ..........................................................................................76
4.2.2 Dehydrogenation performance of NaBH4 with Ti based additives .......76
4.2.3 The reaction mechanism of NaBH4 with TiF3 ......................................80
4.2.4 Rehydrogenation performance of NaH+B mixture with Ti based
additives..........................................................................................................84
4. 3

Hydrogen storage performances of NaBH4-MgH2 system ........................90

4.3.1 Preparation ..........................................................................................90
4.3.2 Dehydrogenation performance and mechanism of 2NaBH4-MgH2
composite........................................................................................................91
4.3.3 Effect of various catalyst on the dehydrogenation of 2NaBH4-MgH2
composite........................................................................................................93
4.3.4 Thermodynamics of TiF3-doped 2NaBH4-MgH2 composite .................94

viii

4.3.5 Rehydrogenation of TiF3-doped 2NaBH4-MgH2 composite .................97
4. 4

Improvement of the LiAlH4-NaBH4 system for reversible hydrogen storage
100

4.4.1 Preparation ........................................................................................100
4.4.2 Dehydrogenation performance and mechanism of LiAlH4-NaBH4 with
or without TiF3 doping ..................................................................................100
4.4.3 The catalytic mechanism of TiF3 on LiAlH4-NaBH4 system ..............103
4.4.4 Thermodynamics of TiF3 doped LiAlH4-NaBH4 composite ...............108
4.4.5 Rehydrogenation of TiF3 doped LiAlH4-NaBH4 composite................111
4. 5

Improved Hydrogen Storage Properties of NaBH4 Destabilized by CaH2

and Ca(BH4)2 ....................................................................................................113
4.5.1 Preparation ........................................................................................113
4.5.2 Dehydrogenation performance and mechanism of the NaBH4/CaH2
composite......................................................................................................113
4.5.3 Dehydrogenation performance and mechanism of the NaBH4/Ca(BH4)2
composite......................................................................................................116
4.5.4 Rehydrogenation of The NaBH4/Ca(BH4)2 composite........................121
4.5.5 Discussion .........................................................................................124
4. 6

Chapter summary ..................................................................................126

4. 7

Reference ..............................................................................................127

CHAPTER 5 IMPROVEMENT OF THE LITHIUM BOROHYDIDE AND
MAGNESIUM HYDRIDE COMPOSITE SYSTEM FOR HYDROGEN
STORAGE ..........................................................................................................132
5. 1

Introduction...........................................................................................132

5. 2

Combined effect of hydrogen back-pressure and NbF5 on the hydrogen

storage properties of LiBH4-MgH2 composite ...................................................134
5.2.1 Preparation ........................................................................................134
5.2.2 Effect of NbF5 on the nonisothermal dehydrogenation of LiBH4-MgH2
composite system ..........................................................................................135
5.2.3 Effect of hydrogen back pressure and NbF5 on the isothermal
dehydrogenation and subsequent rehydrogenation kinetics of LiBH4-MgH2
composite system ..........................................................................................138
5.2.4 Combined effect of hydrogen back-pressure and NbF5 and on the
reversible cycling of the LiBH4-MgH2 composite system ..............................145

ix

5.2.5 Discussion .........................................................................................147
5. 3

Enhanced hydrogen sorption properties in the LiBH4–MgH2 system

catalysed by Ru nanoparticles supported on multiwalled carbon nanotubes .......152
5.3.1 Preparation ........................................................................................152
5.3.2 Catalyst characterization....................................................................153
5.3.3 Hydrogen desorpition performance of the Ru-catalyzed LiBH4–MgH2
material .........................................................................................................155
5.3.4 Hydrogen absorpition performance of the Ru-catalyzed LiBH4–MgH2
material .........................................................................................................157
5.3.5 Structure and catalytic mechanistic studies ........................................159
5. 4

Improved reversible dehydrogenation of 2LiBH4+MgH2 system by

introducing Ni nanoparticles .............................................................................162
5.4.1 Preparation ........................................................................................162
5.4.2 Hydrogen desorption performance .....................................................162
5.4.3 Hydrogen absorption performance .....................................................166
5.4.4 The reaction mechanism ....................................................................167
5. 5

Chapter summary ..................................................................................172

5. 6

Reference ..............................................................................................175

CHAPTER

6

COMPOSITES
MAGNESIUM

INVESTIGATION

OF

CONSISTING

OF

HYDRIDE,

AND/OR

THE

PROPERTIES

LITHIUM
LITHIUM

OF

THE

ALUMIHYDRIDE,
BOROHYDRIDE

AS

HYDROGEN STORAGE MATERIALS...........................................................180
6. 1

Introduction...........................................................................................180

6. 2

Enhanced hydrogen storage performance of LiAlH4-MgH2-TiF3 composite
181

6.2.1 Preparation ........................................................................................181
6.2.2 Hydrogen desorption performance .....................................................181
6.2.3 Dehydrogenation mechanism and thermodynamics............................185
6.2.4 Hydrogen absorption performance and mechanism ............................189
6. 3

Reversible hydrogen storage in titanium-catalyzed LiAlH4-LiBH4 system
191

6.3.1 Preparation ........................................................................................191
6.3.2 Dehydrogenation performance and mechanism ..................................192
6.3.3 Thermodynamics of dehydrogenation ................................................194

x

6.3.4 Rehydrogenation performance and mechanism ..................................196
6.3.5 The catalytic role of TiF3 ...................................................................197
6. 4

Reversible hydrogen storage in destabilized LiAlH4-MgH2-LiBH4

ternary-hydride system doped with TiF3 ............................................................200
6.4.1 Preparation ........................................................................................200
6.4.2 Dehydrogenation performance and mechanism ..................................200
6.4.3 Kinetics and thermodynamics of dehydrogenation .............................207
6.4.4 Rehydrogenation performance and mechanism ..................................211
6. 5

Chapter summary ..................................................................................214

6. 6

References.............................................................................................216

CHAPTER 7 ENHANCED HYDROGEN SORPTION PROPERTIES OF NIAND CO-CATALYZED MAGNESIUM HYDRIDE........................................219
7. 1

Introduction...........................................................................................219

7. 2

Preparation ............................................................................................220

7. 3

Hydrogen sorption properties of Ni and Co− catalyzed MgH2 materials.221

7.3.1 Hydrogen desorption performance .....................................................221
7.3.2 Hydrogen absorption performance .....................................................223
7.3.3 Hydrogen absorption/desorption cycling performance .......................224
7. 4

Kinetic study of the dehydrogenation.....................................................225

7. 5

Structure and mechanism study .............................................................228

7. 6

Chapter summary ..................................................................................231

7. 7

References.............................................................................................233

CHAPTER 8 STUDY ON THE DEHYDROGENATION KINETICS AND
THERMODYNAMICS OF CALCIUM BOROHYDRIDE ..............................235
8. 1

Introduction...........................................................................................235

8. 2

Thermal decomposition performance and mechanism............................236

8. 3

Kinetics of dehydrogenation ..................................................................238

8. 4

Thermodynamics of dehydrogenation....................................................243

8. 5

Chapter summary ..................................................................................246

8. 6

References.............................................................................................247

CHAPTER 9 EFFECTS OF NIOBIUM FLUORIDE ON THE HYDROGEN
SORPTION PERFORMANCE OF SODIUM ALANATE WITH AND
WITHOUT SINGLE-WALLED CARBON NANOTUBE AS CO-DOPANT..249
9. 1

Introduction...........................................................................................249

xi

9. 2

Preparation ............................................................................................252

9. 3

Improved hydrogen sorption performance of NbF5-catalysed NaAlH4 ...252

9.3.1 Optimization of catalyst and composition of NbF5-catalysed NaAlH4 252
9.3.2 Hydrogen sorption performance of NaAlH4-0.03NbF5 composite ......256
9.3.3 Structural analysis and mechanism study ...........................................259
9. 4

Improved hydrogen sorption performance of NbF5-doped NaAlH4 co-

catalyzed with SWCNTs ...................................................................................262
9.4.1 Hydrogen desorption .........................................................................262
9.4.2 Hydrogen absorption .........................................................................264
9.4.3 Thermal decomposition behaviour and kinetic barriers ......................266
9.4.4 Structure and mechanism studies .......................................................271
9. 5

Chapter summary ..................................................................................276

9. 6

References.............................................................................................277

CHAPTER 10 SUMMARY ................................................................................281
LIST OF PUBLICATIONS ................................................................................291

xii

LIST OF FIGURES
Figure 1.1 Hydrogen cycle ....................................................................................... 2
Figure 1.2 Volume of 4 kg of hydrogen compacted in different ways, with size
relative to the size of a car ................................................................................ 5
Figure 2.1 Gravimetric and volumetric hydrogen densities of selected metal hydrides
........................................................................................................................12
Figure 2.2 (a) Schematic of a pressure–composition isotherm. α is the solid solution
of hydrogen and β is the hydride phase; (b) van’t Hoff plot giving the enthalpy
of hydride formation ∆H .................................................................................16
Figure 2.3 Potential energy curves for the activated or non-activated dissociation and
chemisorption of hydrogen on a clean metal surface, followed by the
endothermic or exothermic dissolution of atomic hydrogen into the bulk.........19
Figure 2.4 Hydrogen absorption curves of un-milled (filled symbols) and ball-milled
(hollow symbols) MgH2 under a hydrogen pressure of 1.0 MPa ......................27
Figure 2.5 Effect of crystallite size reduction by ball milling on the hydrogen
desorption rates in vacuum at 300 °C ..............................................................29
Figure 2.6 Van’t Hoff plot for the formation of MgH2 in an activated carbon fiber
(ACF) matrix with bulk MgH2 as a reference ..................................................30
Figure 2.7 Schematic illustration of two main approaches to tailor the
thermodynamic stabilities of metal borohydrides M(BH4)n, where M is a metal:
(a) destabilization of M(BH4)n and (b) stabilization of dehydrogenation products
........................................................................................................................39
Figure 2.8 Relation between the heat of formation ∆H and the Pauling
electronegativity, χp of the cation [154]. The straight line indicates the results of
the least square fitting (∆H = 253.6 kJ/mol BH4 ; χp =-398.0) ...........................40
Figure 2.9 Enthalpy diagram for the destabilization of LiBH4 by MgH2 ..................42
Figure 3.1 The overall procedure of the experiments...............................................68
Figure 3.2 QM3SP2 planetary ball mill (a), grinding jars and balls (b) and (c), and a
schematic diagram of the action of the planetary ball mill (d) .........................69
Figure 3.3 (a) GRC instrument; (b) schematic diagram showing the working
principles of the Sieverts apparatus for determining hydrogen uptake/release ..72
Figure 4.1 Isothermal dehydrogenation profiles of NaBH4 with and without different
titanium catalysts after ball milling in argon atmosphere for 2 h at 440 °C.......77

xiii

Figure 4.2 Temperature programmed desorption (TPD) profiles of NaBH4 with and
without different titanium catalysts. The heating rate was 5 °C/min.................78
Figure 4.3 XRD patterns (a) and FTIR spectra (b) of the NaBH4-0.05TiF3 sample
after 2 h ball milling (BM sample) and the milled sample after dehydrogenation
at 500 °C (De sample). ....................................................................................80
Figure 4.4 TPD profiles of 3NaBH4-TiF3 sample. The heating rate was 5 °C/min. The
inset shows the XRD patterns of this 3NaBH4-TiF3 sample after 2 h ball milling
(BM sample) and the ball milled sample after dehydrogenation at 500 °C (De
sample). ..........................................................................................................81
Figure 4.5 B1s and Ti2p XPS spectrum of the NaBH4-0.05TiF3 and 3NaBH4-TiF3
samples after heating to 500 °C, respectively. .................................................82
Figure 4.6 XRD patterns (a) and FTIR spectra (b) of the NaH-B (i), NaH-B-0.05TiF3
(ii), NaH-B-0.05TiH2 (iii) and NaH-B-0.05Ti (iv) samples after 2 h of ball
milling. ...........................................................................................................84
Figure 4.7 XRD patterns (a) and FTIR spectra (b) of the NaH-B mixture with and
without different titanium catalysts after 2 h of ball milling. ..........................85
Figure 4.8 XRD patterns (a) and FTIR spectra (b) for the NaH-B (i), NaH-B0.05TiF3 (ii), NaH-B-0.05TiH2 (iii) and NaH-B-0.05Ti (iv) samples after
rehydrogenation. .............................................................................................88
Figure 4.9 The temperature-programmed desorption for the (b) MgH2, (c) NaBH4
and (a) NaBH4/MgH2 (mole ratio, 2:1) after ball milling for 1 h in argon. The
heating ramp for all the samples are 1 ˚C/min..................................................91
Figure 4.10 X-ray diffraction patterns of NaBH4/MgH2 (mole ratio, 2:1) mixture. (a):
after 1 h ball milling under argon; (b): after dehydrogenation at 600 ˚C; (c):
after dehydrogenated at 380 ˚C........................................................................92
Figure 4.11 The temperature-programmed desorption for the undoped and catalyst
doped NaBH4/MgH2 (mole ratio, 2:1) mixture after ball milling for 1 h in argon.
The heating ramp for all the samples are 1 ˚C/min...........................................94
Figure 4.12 Desorption PCT curves for the 5 mol% TiF3 doped NaBH4/MgH2 (mole
ratio, 2:1) mixture after ball milling for 1 h in argon........................................95
Figure 4.13 Van’t Hoff diagram showing equilibrium hydrogen pressures over
temperatures for the 5 mol% TiF3 doped NaBH4-MgH2 (mole ratio, 2:1) mixture
........................................................................................................................96

xiv

Figure 4.14 Pressure composition isotherms (PCI) for 5 mol% TiF3 doped
NaBH4/MgH2 (mole ratio, 2:1) mixture at 600 ˚C, milled under argon for 1 h
and dehydrogenated at 600 ˚C for 2 hours .......................................................97
Figure 4.15 Hydrogen absorption at 600 ˚C under 4 MPa H2 for 5 mol% TiF3 doped
NaBH4/MgH2 (mole ratio, 2:1) mixture, milled under argon for 1 h and
dehydrogenated at 600 ˚C for 2 hours..............................................................98
Figure 4.16 X-ray diffraction patterns for 5 mol% TiF3 doped NaBH4/MgH2 (mole
ratio, 2:1) mixture. (a): after 1 h ball milling under argon; (b): after
dehydrogenation at 600 ˚C; (c): after hydrogen absorption at 600 ˚C ...............99
Figure 4.17 Dehydrogenation curves as a function of temperature for the LiAlH4 (iv),
NaBH4 (i), and LiAlH4-NaBH4 (1:1) samples with (iii) and without (ii) TiF3
doping after ball milling for 0.1 h in argon. The heating ramp for all the samples
was 1 ˚C/min.................................................................................................101
Figure 4.18 X-ray diffraction patterns of LiAlH4-NaBH4 (1:1) and TiF3-doped
LiAlH4-NaBH4 (1:1) samples. (a) LiAlH4-NaBH4 (S1) and TiF3-doped LiAlH4NaBH4 (S2) after ball milling for 0.1h under Ar; (b) 0.1h milled TiF3-doped
LiAlH4-NaBH4 (S3) and LiAlH4-NaBH4 (S4) samples after heating to 600 ˚C
......................................................................................................................102
Figure 4.19 Dehydrogenation curves as a function of temperature for LiAlH4 with (iv)
and without (iii) TiF3 doping, NaBH4-LiAlH4 with (ii) and without (i) TiF3
doping after ball milling for 0.1 h in argon. The heating ramp for all the samples
was 1 ˚C/min.................................................................................................104
Figure 4.20 X-ray diffraction patterns of pure and TiF3-doped LiAlH4, and TiF3doped NaBH4-LiAlH4. (a) pure LiAlH4 (S1) and TiF3-doped LiAlH4 (S2) after
heating to 600 ˚C; (b) TiF3-doped NaBH4-LiAlH4 after heating to 200 ˚C (S3)
and 350 ˚C (S4). All samples were ball milled for 6 min under Argon before
heating ..........................................................................................................105
Figure 4.21 The dehydrogenation curves as a function of temperature for NaBH4 (ii),
NaBH4-Al (i), NaBH4-TiF3 (iii), NaBH4-Al-TiF3 (iv), NaBH4-LiAlH4 (v),
NaBH4-LiAlH4-TiF3 (vi). The heating ramp for all the samples was 1 ˚C/min,
and all samples were ball milled for 6 min under Argon before heating .........106
Figure 4.22 X-ray diffraction patterns of (a) the NaBH4-TiF3 (S1), NaBH4-Al (S2),
and NaBH4-Al-TiF3 (S3) after ball milling for 0.1 h under Ar; and (b) the milled

xv

samples NaBH4-Al-TiF3 (S4), NaBH4-Al (S5) and NaBH4-TiF3 (S6) after
heating to 600 ˚C...........................................................................................107
Figure 4.23 Desorption PCT curves for a TiF3-doped LiAlH4-NaBH4 sample which
was ball milled for 6 min under Argon before heating ...................................108
Figure 4.24 Van’t Hoff diagram showing equilibrium hydrogen pressures over
temperatures for the TiF3-doped LiAlH4-NaBH4 sample................................109
Figure 4.25 Absorption/desorption PCT curves for 0.1 h milled TiF3-doped LiAlH4NaBH4 sample, pure LiAlH4 and pure NaBH4 at 510 ˚C................................110
Figure 4.26 X-ray diffraction patterns of TiF3-doped NaBH4-LiAlH4 sample after
rehydrogenation at 10 MPa and 600 ˚C for 48h .............................................111
Figure 4.27 Dehydrogenation curves as a function of temperature for TiF3-doped
LiAlH4-NaBH4 sample after rehydrogenation at 10 MPa and 600 ˚C for 48h.
......................................................................................................................112
Figure 4.28 Temperature programmed desorption (TPD) profiles of the 6NaBH4CaH2, and 4NaBH4-CaH2 samples after ball milling in argon atmosphere for 2 h.
For comparison, TPD profiles of the as-milled NaBH4 and CaH2 samples are
also shown. The heating rate was 5 °C/min ...................................................114
Figure 4.29 Isothermal dehydrogenation profiles of the 6NaBH4-CaH2, 4NaBH4CaH2, and NaBH4 samples at 440 °C.............................................................115
Figure 4.30 XRD patterns (a) and FTIR spectra (b) of the 6NaBH4-CaH2 sample after
dehydrogenation at 500 °C ............................................................................116
Figure 4.31 TPD profiles of the xNaBH4-Ca(BH4)2 (x=1, 4, 10, 20) samples. For
comparison, TPD profiles of the as-milled NaBH4 and Ca(BH4)2 samples are
also shown. The heating rate was 5 °C/min ...................................................117
Figure 4.32 XRD patterns (a) and FTIR spectra (b) of the 4NaBH4-Ca(BH4)2 sample
after 2 h of ball milling. The as-milled NaBH4 and Ca(BH4)2 samples are also
shown for comparison purpose ......................................................................118
Figure 4.33 XRD patterns (a) and FTIR spectra (b) of the 4NaBH4-Ca(BH4)2 sample
at different dehydrogenation stages. FTIR Results for the as-received CaH2 are
also shown for comparison purposes .............................................................119
Figure 4.34 Comparison of the TPD curves for CaH2, NaBH4, 4NaBH4-CaH2,
4NaBH4-Ca(BH4)2,

4NaBH4-(CaBmHn+CaH2),

and

4NaBH4-(CaB6+CaH2)

samples, after 2 h ball milling in each case. The heating rate for all the samples
was 5 °C/min.................................................................................................121

xvi

Figure 4.35 TPD profiles of the dehydrogenated 4NaBH4-Ca(BH4)2 sample with and
without NbF5 additive after rehydrogenation at 400 °C and 500 °C under 55 bar
hydrogen pressure for 10 h. The hydrogen capacity was calculated after taking
the weight of NbF5 catalyst into account........................................................122
Figure 4.36 XRD patterns (a) and FTIR spectra (b) of the rehydrogenated 4NaBH4Ca(BH4)2 sample with and without NbF5 additive .........................................123
Figure 5.1 XRD patterns (a) and FTIR spectra (b) of the LiBH4-MgH2 and LiBH4MgH2-NbF5 samples after 2 h ball milling.....................................................135
Figure 5.2 (a) Thermogravimetry (TG) and (b) differential scanning calorimetry
(DSC) profiles of the LiBH4-MgH2 and LiBH4-MgH2-NbF5 samples ............137
Figure 5.3 (a) Isothermal dehydrogenation profiles of the LiBH4-MgH2 and LiBH4MgH2-NbF5 samples at 400 °C under hydrogen back-pressure and static vacuum,
respectively, with the inset showing a shorter time frame, and (b) isothermal
dehydrogenation profiles of the LiBH4-MgH2 and LiBH4-MgH2-NbF5 samples
at 370 °C under hydrogen back-pressure .......................................................139
Figure 5.4 XRD patterns (a) and FTIR spectra (b) of the LiBH4-MgH2 samples after
dehydrogenation under (i) hydrogen back-pressure and (iii) static vacuum, and
the LiBH4-MgH2-NbF5 samples after dehydrogenation under (ii) hydrogen
back-pressure and (iv) static vacuum .............................................................141
Figure 5.5 Isothermal hydrogen absorption profile of LiBH4-MgH2 samples after
dehydrogenation under (i) static vacuum and (iii) hydrogen back-pressure, and
the LiBH4-MgH2-NbF5 samples after dehydrogenation under (ii) static vacuum
and (iv) hydrogen back-pressure....................................................................143
Figure 5.6 XRD patterns (a) and FTIR spectra (b) of the hydrogenated LiBH4-MgH2
samples when the dehydrogenation was conducted (i) static vacuum or (ii)
hydrogen back-pressure; and the hydrogenated LiBH4-MgH2-NbF5 samples
when the dehydrogenation was conducted (iii) static vacuum or (iv) hydrogen
back-pressure ................................................................................................144
Figure 5.7 Dehydrogenation (a) and hydrogenation (b) curves of the LiBH4-MgH2
and LiBH4-MgH2-NbF5 samples with cycling ...............................................146
Figure 5.8 XRD patterns (a) and FTIR spectra (b) of the LiBH4-MgH2-NbF5 sample
(i) after the 10th dehydrogenation under

hydrogen back-pressure and (iii)

rehydrogenation after the 10th dehydrogenation; and the LiBH4-MgH2 sample

xvii

(ii) after the 10th dehydrogenation under

hydrogen back-pressure and (iv)

rehydrogenation after the 10th dehydrogenation .............................................147
Figure 5.9. TPD profiles of the LiBH4-MgH2 system, with and without additives..150
Figure 5.10. (a) F 1s and (b) Ti 2p XPS photoelectron lines for the LiBH4-MgH2NbF5 sample in varying states: as-milled (BM); dehydrogenated (De); and
hydrogenated (Re). Commercial Nb and LiF powder is also include for
comparison purposes .....................................................................................151
Figure 5.11. (a) SEM image of the as-prepared Ru/C catalyst, and (b) EDS patterns
of the Ru/C catalyst .......................................................................................154
Figure 5.12. TEM image of the as-prepared Ru/C catalyst.....................................154
Figure 5.13. (a) TPD (temperature-programmed desorption) and (b) derivative
temperature-programmed desorption (DTPD) curves of 2 h ball milled LiBH4MgH2 mixtures with and without catalyst addition. The heating ramp for all the
samples was 2 °C/min ...................................................................................155
Figure 5.14. Hydrogen desorption curves of the plain LiBH4-MgH2 system at 300 (a),
350 (c), and 380 °C (e). Hydrogen desorption curves of the Ru/C catalyzed
LiBH4-MgH2 system at 300 (b), 350 (d), and 380 °C (f) ...............................156
Figure 5.15. Comparison of hydrogen absorption curves for the un-catalyzed and
catalyzed LiBH4-MgH2 system at 500 °C under 4 MPa hydrogen..................158
Figure 5.16. Rehydrogenation cycling of the un-catalyzed and Ru/C catalyzed of
LiBH4-MgH2 system at 500 °C under 4 MPa hydrogen .................................158
Figure 5.17. XRD patterns of the Ru/C catalyzed LiBH4-MgH2 system: as-milled;
after dehydrogenation at 500 °C; and after the first rehydrogenation at 500 °C
under 4 MPa hydrogen ..................................................................................160
Figure 5.18. (a) TPD (temperature-programmed desorption) and (b) derivative
(DTPD) curves of the 2LiBH4-MgH2, 2LiBH4-MgH2-0.05Ni, and 2LiBH4MgH2-0.5Ni samples after ball milling for 2 h in argon. The heating ramp for all
the samples was 5 °C/min..............................................................................163
Figure 5.19. Differential scanning calorimetry (DSC) traces for (a) 2LiBH4-MgH2, (b)
2LiBH4-MgH2-0.05Ni, and (c) 2LiBH4-MgH2-0.5Ni samples, with a heating
rate of 10 °C/min...........................................................................................164
Figure 5.20. Hydrogen desorption curves of 2LiBH4-MgH2, and 2LiBH4-MgH20.5Ni samples at (a) 350 and (b) 400 °C, respectively....................................165

xviii

Figure 5.21. (a) Isothermal rehydrogenation kinetics of 2LiBH4-MgH2, and 2LiBH4MgH2-0.5Ni samples under an initial hydrogen pressure of 55 bar and at 400 °C.
(b) Comparison of the TPD curves for the first rehydrogenation of the 2LiBH4MgH2, and 2LiBH4-MgH2-0.5Ni samples......................................................167
Figure 5.22. X-ray diffraction patterns of (a) the 2LiBH4-MgH2-0.5Ni sample after
ball milling for 0.5 h and the milled sample after heating to 330 °C and 500 °C,
respectively; and (b) the 2LiBH4-MgH2 and 2LiBH4-MgH2-0.05Ni samples
after heating to 500 °C, respectively ..............................................................168
Figure 5.23. XRD patterns for the as-dehydrogenated products of 2LiBH4-MgH20.5Ni sample after rehydrogenation at 55 bar and 400 °C for 10 h.................171
Figure 5.24. FTIR spectra for the as-milled 2LiBH4-MgH2-0.5Ni sample before and
after dehydrogenation at 500 °C, and the dehydrogenated products after
rehydrogenation at 55 bar and 400 °C for 10 h ..............................................172
Figure 6.1. TPD (temperature-programmed desorption) curves of the LiAlH4-MgH2
system, with and without TiF3-doping, after ball milling for 0.5 h in argon, as
well as curves for the unary components (LiAlH4 and MgH2). The heating ramp
for all the samples was 2 °C/min ...................................................................182
Figure 6.2 DSC traces for LiAlH4, MgH2, LiAlH4-MgH2, and LiAlH4-MgH2-TiF3
samples, with a heating rate of 10 °C/min......................................................184
Figure 6.3 Comparison of dehydrogenation kinetics of MgH2, LiAlH4-MgH2, and
LiAlH4-MgH2-TiF3 samples at 300 °C...........................................................185
Figure 6.4 X-ray diffraction patterns of LiAlH4-MgH2-TiF3 composite after ball
milling for 0.5 h (a), and after subsequent heating to 200 °C (b), 300 °C (c), and
400 °C (d), respectively.................................................................................186
Figure 6.5 Desorption P-C isotherms (PCI) of LiAlH4-MgH2-TiF3 composite
measured at 315, 340, and 360 °C .................................................................187
Figure 6.6 The van’t Hoff plot showing equilibrium hydrogen pressures over
temperature for the LiAlH4-MgH2-TiF3 composite ........................................188
Figure 6.7 Hydrogen absorption curves of LiAlH4-MgH2 and LiAlH4-MgH2-TiF3 at
300 °C and 20 atm H2 pressure......................................................................189
Figure 6.8 X-ray diffraction patterns of LiAlH4-MgH2 and LiAlH4-MgH2-TiF3
samples after rehydrogenation .......................................................................191
Figure 6.9 Temperature-programmed desorption (TPD) curves for the LiAlH4-LiBH4
(1:2) samples with different molar ratios of TiF3 doping by ball milling for 0.1 h

xix

in argon. An un-doped reference sample is shown for comparison. The heating
ramp for all the samples was 2 ˚C/min...........................................................192
Figure 6.10 X-ray diffraction patterns of LiAlH4-LiBH4 (1:2) samples with TiF3
doping: after (a) ball milling for 0.1 h under Ar, and after subsequent heating of
the (a) material to (b) 150 ˚C, (c) 300 ˚C, and (d) 600 ˚C...............................193
Figure 6.11. Desorption PCT curves for a TiF3-doped LiAlH4-LiBH4 sample at
different temperatures, with the sample ball-milled for 0.1 h under argon before
heating ..........................................................................................................195
Figure 6.12. Van’t Hoff diagram showing equilibrium hydrogen pressure vs. inverse
temperature for the TiF3-doped LiAlH4-LiBH4 sample ..................................196
Figure 6.13. Hydrogen absorption of ball-milled LiBH4-TiF3 and LiAlH4-LiBH4-TiF3
at 600 ˚C under 4 MPa H2 .............................................................................197
Figure 6.14. X-ray diffraction patterns for the ball-milled LiAlH4/LiBH4-TiF3 after
rehydrogenation at 600 ˚C under 4 MPa H2 ...................................................197
Figure 6.15. TPD curves for LiAlH4-TiF3, LiAlH4, LiBH4, LiBH4-Al, and LiBH4TiF3. LiAlH4-LiBH4 and LiAlH4-LiBH4-TiF3 are also included for comparison
purposes. The heating ramp for all the samples was 2 ˚C/min, and all samples
were ball milled for 0.1 h under argon before heating ....................................198
Figure 6.16. XRD patterns for the ball-milled (a) LiBH4-TiF3 and (b) LiAlH4-TiF3
after heating to 600 ˚C. The inset shows an enlargement of the indicated region
in (b) ............................................................................................................199
Figure 6.17. TPD (temperature-programmed desorption) curves of the LiAlH4MgH2-LiBH4 system, with and without TiF3-doping, after ball milling for 0.5 h
in argon, as well as the (a) unary components (LiAlH4, MgH2, and LiBH4) and
(b) binary mixtures (LiAlH4-MgH2, LiAlH4-LiBH4, and MgH2-LiBH4). The
heating ramp for all the samples was 2 °C/min ..............................................202
Figure 6.18. Comparison of TPD curves for the TiF3-doped LiAlH4-MgH2-LiBH4
system with those of TiF3-doped and un-doped LiAlH4, MgH2, and LiBH4. The
heating ramp for all the samples was 2 °C/min ..............................................203
Figure 6.19. X-ray diffraction patterns of the TiF3-doped LiAlH4-MgH2-LiBH4
system after ball milling for 0.5 h (S1), and after heating to 200 °C (S2), 320 °C
(S3), and 400 °C (S4), respectively................................................................205
Figure 6.20. Comparison of TPD curves of (a) MgH2-LiBH4 composite with LiHMgH2-LiBH4, Al-MgH2-LiBH4, and LiH-Al-MgH2-LiBH4 ; and (b) MgH2-

xx

LiBH4 composite with TiF3-doped MgH2-LiBH4, TiF3-doped LiH-Al-MgH2LiBH4, and the TiF3-doped LiAlH4-MgH2-LiBH4 system. The heating ramp for
all the samples was 2 °C/min.........................................................................207
Figure 6.21. Hydrogen desorption curves of MgH2-LiBH4, LiAlH4-MgH2-LiBH4,
and TiF3-doped LiAlH4-MgH2-LiBH4 at 400 °C............................................208
Figure 6.22. Desorption P-C isotherms (PCT) of TiF3-doped LiAlH4-MgH2-LiBH4
measured at 380, 400, 430, and 460 °C. The inset shows the van’t Hoff plot for
the dehydrogenated TiF3-doped LiAlH4-MgH2-LiBH4 system.......................209
Figure 6.23. Absorption/desorption PCT curves for the TiF3-doped LiAlH4-MgH2LiBH4 system at 400 °C ................................................................................210
Figure 6.24. (a) Evolution of the pressure and temperature (shown as black dashed
line) versus time during the hydrogenation cycles of the LiAlH4-MgH2-LiBH4
system with and without catalyst, and (b) comparison of the TPD curves for the
first to third dehydrogenation cycles of the TiF3 -doped system with the first
dehydrogenation cycle of the un-doped system. The hydrogenations were
performed at ~38 bar of H2, 400 °C ...............................................................212
Figure 6.25. X-ray diffraction pattern of the TiF3-doped LiAlH4-MgH2-LiBH4 system
after rehydrogenation at 4 MPa and 400 °C for 5 h. The inset shows an
enlargement of the indicated region...............................................................213
Figure 7.1. TPD curves of 2 h ball-milled (I) MgH2, (II) MgH2 + 10 wt.% CoCl2,
and (III) MgH2 + 10 wt.% NiCl2. The heating rate for all the samples was 2
°C/min ..........................................................................................................221
Figure 7.2. Hydrogen desorption curves of 2 h ball-milled (I) MgH2, (II) MgH2 + 10
wt.% CoCl2, and (III) MgH2 + 10 wt.% NiCl2 under an initial hydrogen pressure
of ~0.001 bar at (a) 350 °C and (b) 300 °C ....................................................222
Figure 7.3. Hydrogen absorption curves of MgH2 at (I) 200 °C and (III) 300 °C;
MgH2 + 10 wt.% NiCl2 at (II) 200 °C, (IV) 250 °C, and (VI) 300 °C; and MgH2
+ 10 wt.% CoCl2 at (V) 300 °C. All samples were ball milled for 2 h ............223
Figure 7.4. Hydrogen absorption (bottom) and desorption (top) curves of MgH2 + 10
wt.% NiCl2 mixture in the 1st and 10th cycles ...............................................224
Figure 7.5. X-ray diffraction patterns for the MgH2/10 wt % NiCl2 sample (a) after
the 1st hydrogenation, (b) after the 10th hydrogenation, (c) after the 1st
hydrogenation-dehydrogenation, and (d) after the 10th hydrogenationdehydrogenation............................................................................................225

xxi

Figure 7.6 (a) JMA plots for the un-doped and doped MgH2 samples, and (b)
Mampel model for the dehydrogenation of the pure MgH2 sample ................227
Figure 7.7. Arrhenius plots for the dehydrogenation of MgH2, MgH2/CoCl2, and
MgH2/NiCl2 samples .....................................................................................228
Figure 7.8. X-ray diffraction patterns for MgH2/10 wt % CoCl2 sample (a) before and
(c) after dehydrogenation, and MgH2/10 wt % NiCl2 sample (b) before and (d)
after dehydrogenation....................................................................................229
Figure 7.9. X-ray diffraction patterns for 3MgH2/CoCl2 sample (a) before and (d)
after dehydrogenation, and 3MgH2/NiCl2 sample (b) before and (c) after
dehydrogenation. All the samples were ball milled for 2 h.s were ball milled for
2 h.................................................................................................................230
Figure 7.10. Comparison of the TPD curves for 2 h ball-milled MgH2, MgH2 + 10
wt.% MgCl2, MgH2 + 10 wt.% (MgCl2+Mg2Ni), and MgH2 + 10
wt.%(MgCl2+Mg2Co). The heating rate for all the samples was 2 °C/min .....231
Figure 8.1. Thermal analysis mass spectrometry (TA/MS) and differential thermal
analysis (DTA) curves of Ca(BH4)2 ...............................................................237
Figure 8.2. XRD patterns of Ca(BH4)2 before (a) and after dehydrogenation at (b)
500 °C and (c) 320 °C ...................................................................................238
Figure 8.3. TPD (a) and hydrogen desorption rate (b) curves of Ca(BH4)2 at various
heating rates; and the Kissinger’s plot (c) .....................................................240
Figure 8.4. Isothermal hydrogen desorption curves (a) of Ca(BH4)2 at 300-360 ˚C
and (b) the Arrhenius plot..............................................................................241
Figure 8.5. (t/t0.5)theo vs. (t/t0.5)exp of Ca(BH4)2 dehydrogenated at 360 ˚C for
various solid-state reaction equations ............................................................243
Figure 8.6. Pressure-composition-temperature (PCT) curves of Ca(BH4)2 measured at
629, 647, 662, and 686 K ..............................................................................244
Figure 8.7. Van’t Hoff plot for the dehydrogenation of Ca(BH4)2 ..........................245
Figure 9.1. Temperature programmed desorption (TPD) curves of as-received
NaAlH4, as-milled NaAlH4, and NaAlH4 doped with different catalysts. The
heating rate was 2 °C/min..............................................................................253
Figure 9.2. TPD curves of NaAlH4 and NaAlH4-xNbF5 samples ..........................254
Figure 9.3. Comparison of the isothermal dehydrogenation curves of NaAlH4-xNbF5
samples at 165 °C..........................................................................................255

xxii

Figure 9.4. Isothermal dehydrogenation curves of NaAlH4 and NaAlH4-0.03NbF5
samples. The bottom curve is for the pure NaAlH4 ........................................256
Figure 9.5. Comparison of the hydrogenation curves for the first to third
dehydrogenation cycles of NaAlH4-0.03NbF5 with the first dehydrogenation
cycle of the NaAlH4. The hydrogenations were performed in ∼55 bar H2, 150
°C .................................................................................................................257
Figure 9.6. TPD curve of the NaAlH4-0.03NbF5 sample for the 3rd rehydrogenation.
The inset shows the XRD pattern of this NaAlH4-0.03NbF5 sample at the 3rd
rehydrogenation ............................................................................................258
Figure 9.7. XRD patterns of (a) 2 h milled NaAlH4 sample, (b) 2 h milled NaAlH40.03NbF5 sample, and the as-milled NaAlH4-0.03NbF5 sample after heating to
(c) 175 °C and (d) 250 °C, respectively .........................................................260
Figure 9.8. XRD patterns of the 2 h milled NaAlH4-0.2NbF5 sample. The inset shows
an enlargement of the indicated region ..........................................................261
Figure 9.9. Temperature programmed desorption (TPD) curves of as-milled NaAlH4,
and NaAlH4 doped with different catalysts. The heating rate was 2 °C/min ...263
Figure 9.10. Isothermal dehydrogenation curves at 155 °C for NaAlH4-3 mol% NbF5,
NaAlH4-5 wt% SWCNT, and NaAlH4-3 mol% NbF5-5 wt% SWCNT samples
......................................................................................................................264
Figure 9.11. Comparison of the hydrogenation curves for the first dehydrogenation
cycle of NaAlH4-3 mol% NbF5, NaAlH4-5 wt% SWCNT, and NaAlH4-3 mol%
NbF5-5 wt% SWCNT samples at (a) 150 °C and 5.5 MPa H2 pressure, and (b)
160 °C and 6.5 MPa H2 pressure ...................................................................265
Figure 9.12. TPD curves of the NaAlH4-3 mol% NbF5, NaAlH4-5 wt% SWCNT, and
NaAlH4-3 mol% NbF5-5 wt% SWCNT samples for the first rehydrogenation
......................................................................................................................266
Figure 9.13.

Differential scanning calorimetry (DSC) curves of the NaAlH4,

NaAlH4-3 mol% NbF5, NaAlH4-5 wt% SWCNT, and NaAlH4-3 mol% NbF5-5
wt% SWCNT samples...................................................................................267
Figure 9.14. TPD curves of the NaAlH4 samples doped with different catalysts at
various heating rate. .....................................................................................268
Figure 9.15 Kissinger plots for the first and second dehydrogenation steps for the
NaAlH4-3 mol% NbF5, NaAlH4-5 wt% SWCNT, and NaAlH4-3 mol% NbF5-5
wt% SWCNT samples...................................................................................269

xxiii

Figure 9.16. XRD patterns of the NaAlH4-3 mol% NbF5-5 wt% SWCNT samples
after ball milling (a), of the milled sample after dehydrogenation (b), and of the
dehydrogenated sample after rehydrogenation (c) .........................................271
Figure 9.17. XRD patterns of the (a) NaAlH4-30 wt% NbF5-15 wt% SWCNT and (b)
NaAlH4-60 wt% NbF5-30 wt% SWCNT samples after ball milling. The inset
shows an enlargement of the indicated region. ..............................................272
Figure 9.18. FTIR spectra of NaAlH4, NaAlH4-3 mol% NbF5, NaAlH4-5 wt%
SWCNT, and NaAlH4-3 mol% NbF5-5 wt% SWCNT samples after ball milling
......................................................................................................................273

xxiv

LIST OF TABLES
Table 2.1 Material properties of lightweight complex metal hydrides......................13
Table 2.2 Common solid-state rate and integral expressions for different reaction
models ............................................................................................................22
Table 2.3 Stability and hydrogen capacity of different MgH2 reactions ...................26
Table 3.1 Chemicals and materials used in this thesis..............................................66
Table 4.1 Effect of various catalysts on the dehydrogenation of NaBH4/MgH2 ........93
Table 6.1 Comparison of d-spacings for S4 with MgB2 (PDF: 38-1369)................206
Table 8.1 Kinetic models examined in the isothermal dehydrogenation curves of
Ca(BH4)2 at 360 °C .......................................................................................242
Table 9.1 Apparent activation energies (Ea) for the first-step and second-step
dehydrogenation of NaAlH4, respectively......................................................270

1

CHAPTER 1 INTRODUCTION
1. 1 General background
Energy is one of the most important topics in the 21st century. With the rapid
increase in environmental pollution and exploitation of fossil energy resources, there
is a high demand to seek renewable and clean energy sources that can replace fossil
fuels to support the sustainable development of the global economy and society.
Several new types of clean energy sources, such as wind, solar, hydro, geothermal,
and biomass have received worldwide concern and increased research interest, due to
their sustainable, clean, and environmental friendly properties. However, for the
environmentally friendly use of the energy produced by these sources in final
applications, a clean, efficient, and safe energy carrier is necessary.
Hydrogen is regarded as one of the best alternative energy storage options due
to the following reasons [1,2]: (1) Hydrogen is the most abundant element on Earth
and can never run out theoretically. (2) Hydrogen has the best ratio of valence
electrons to protons (and neutrons) of all the elements in the periodic table, and the
energy gain per electron is very high. For example, the chemical energy per unit
mass of hydrogen (142 MJ kg–1) is at least three times larger than those of other
chemical fuels (e.g., the equivalent value for liquid hydrocarbons is 47 MJ kg–1). (3)
Using hydrogen as a fuel is clean and renewable. It can be formed from water on-site
and recombined with oxygen to reclaim the stored energy. Since the development of
the proton exchange membrane (PEM) fuel cell [3,4], which is fuelled by hydrogen
and oxygen, and produces only water, hydrogen has been seen to be the most
promising solution.
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1. 2 Hydrogen economy
Hydrogen is the most abundant element on Earth, but less than 1% is present
as molecular hydrogen gas, H2. The overwhelming majority is chemically bound as
H2O in water, and some is bound to liquid or gaseous hydrocarbons. Since water is
the only by-product when hydrogen is used in PEM fuel cells or burned with oxygen,
whether hydrogen can be considered as a clean form of energy on the global scale
thus depends on the primary energy that is used to produce the hydrogen.
A clean way to use hydrogen as fuel therefore can be envisioned as a linked
network of chemical processes that produce hydrogen through electrolytic,
photololytic, or thermochemical splitting of water; store hydrogen chemically or
physically; and convert the stored hydrogen to electrical energy and heat at the point
of use. This is what is meant by the term “hydrogen economy”, which effectively
addresses the major energy challenges of the 21st century.
The push towards the hydrogen economy began in the 1970s when the
International Association for Hydrogen Energy was formed [5], which represents a
visionary strategy for our future energy stream, as shown in Figure 1.1. This vision
of an energy stream originates in the sun, flows through hydrogen as a carrier to
perform electrical work, and produces water as its only by-product.

Figure 1.1 Hydrogen cycle [6].
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Before the hydrogen economy can become a reality, however, grand technical
challenges must be overcome in each one of the three functional areas: production,
storage, and use, in which the main drawback in proceeding with the hydrogen
economy is hydrogen storage, particularly for mobile applications [2,7-9]. For
example, flexible use of hydrogen as a carrier of energy requires a means to store
excess product for later use, to transport stored hydrogen from the point of
production to the point of use, and to charge and discharge hydrogen conveniently
from the storage container according to need.
1. 3 Hydrogen storage methods
In principle, hydrogen can be stored either in a physical form (gas or liquid) or a
chemical form. Presently, four methods are being discussed or used to store
hydrogen.
1) High pressure storage: It is feasible to store hydrogen in gaseous form. The
common high-pressure gas cylinders can store hydrogen gas at a pressure of 20 MPa,
and a pressure up to 80 MPa is also available in newly developed lightweight
composite cylinders, where the hydrogen volumetric density can reach ~40 kg·m-3.
However, the hydrogen gravimetric density is low; there are also problems in
handling the high pressure, especially in the regions with high population [2].
2) Cryostorage: The hydrogen can also be stored as a liquid in a cryogenic tank at
ambient pressure and low temperature (-252°C). Hydrogen stored as a liquid has a
relatively high volumetric density (70.8 kg·m-3). However, relatively high energy
consumption is necessary for liquefaction, and about 30% of the energy stored in
hydrogen is already consumed for the liquefaction. On the other hand, the tanks must
also be well insulated to prevent boil off, which requires a complex design of the
tank system but is difficult to realize on a large scale production.
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3) Physical storage on high surface area materials: Based on weak van der Waals
interaction between gas molecules and solids, hydrogen molecules can be reversibly
stored on high surface area materials such as carbon-based materials, zeolite
structures, and metal–organic frameworks (MOFs) [10-12]. It has been demonstrated
that that up to ~5 and ~7.5 wt% of hydrogen can be stored on porous carbon and
metal organic framework materials, respectively, at 77 K. However, the amounts of
hydrogen that can be adsorbed on porous materials at ambient temperature and high
pressures are much lower (~0.5 wt%). The advantage of these sorbent materials lies
in their ready reversibility. This is also their largest disadvantage, however, as they
contain hydrogen by means of weak physisorption forces (van der Waals). Hence,
low temperatures (-196 °C) and high pressures are required for significant adsorption
[13].
4) Chemical storage in different solid state materials: Hydrogen can be stored in
solids by incorporation into the crystal structure of the storage material itself. In
order to fulfil all the requirements for practical hydrogen storage, an ideal chemical
hydrogen storage material will have a low molar weight, be inexpensive, have rapid
kinetics for absorbing and desorbing H2 in the 25-120 °C temperature range, and
store large quantities of hydrogen reversibly. Many different materials are used for
chemical storage of hydrogen and will be discussed in much more detail in the
following chapters.
1. 4 Hydrogen storage target
The current goal is to develop an effective on-board hydrogen storage system
for mobile applications. In order for hydrogen powered vehicles to be competitive
with comparable vehicles in the market place, the on-board hydrogen storage system
needs compact, light, safe, and affordable containment and should cover a driving
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range of 400 km. To cover the same range, 8 kg of hydrogen is needed for the
combustion engine version or 4 kg hydrogen for an electric car with a fuel cell. At
room temperature and atmospheric pressure, 4 kg of hydrogen gas occupies a volume
of 45 m3, which is hardly a practical solution for a vehicle [2]. Figure 1.2 compares
the volume needed for storing 4 kg of hydrogen in different ways, i.e., high-pressure
hydrogen cylinder, liquefied hydrogen tank, and solid metal hydrides. It is clearly
shown that solid metal hydride has the largest volumetric density, and therefore is
now considered a more safe and effective way to handle hydrogen than compressed
gas and liquid hydrogen because the hydrides offer volumetric hydrogen densities
substantially greater than that of compressed gas and comparable to or exceeding that
of liquid hydrogen, without very high pressure containment vessels or cryogenic
tanks.

Figure 1.2 Volume of 4 kg of hydrogen compacted in different ways, with
size relative to the size of a car [2].
In 2009 the US Department of Energy (US DOE) updated the hydrogen
storage system performance targets for light-duty vehicles [14]. The following
criteria for a hydrogen storage technology suitable for transportation were set:
ü High H2 storage capacity (5.5 wt% H for system).
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ü Moderate operation temperature for hydrogen release and uptake, ideally
between 60-120 °C.
ü Favourable kinetics for Hydrogen absorption/desorption.
ü Low cost.
ü Low toxicity and non-explosive.
The US DOE hydrogen storage system targets help guide researchers by
defining system requirements in order to achieve commercially viable hydrogen
storage technologies. At present there are no systems or materials that fulfil all the
above requirements concerning the capacity, reaction enthalpy, and reaction kinetics
for efficient hydrogen storage for mobile applications.
1. 5 Research aims and scope
Although there has been substantial research and development activity in the
use of novel condensed-phase hydride materials for hydrogen storage in the last
several decades, none of the materials studied to date has demonstrated sufficient
hydrogen capacity or efficiency at the required operating temperature range. There is
still considerable opportunity for discovery of new materials or material systems that
could fulfil all the requirements for efficient hydrogen storage for mobile
applications. With regards to the existing materials or material systems, research is
still needed to improve the dehydrogenation/rehydrogenation performance and
understand the mechanisms of dehydrogenation and rehydrogenation reactions with
or without effective catalyst doping. For example, extensive studies on transition
metal hydrides have led to no viable system that can reversibly store over 6 wt %
hydrogen under moderate temperature conditions [2,15]. Therefore, research interest
has been turned to light metal hydrides such as MgH2, alanates, and borohydrides,
due to their extremely high gravimetric and volumetric hydrogen densities [16,17].
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However, use of these hydrides for hydrogen storage is challenging because of both
kinetic and thermodynamic limitations. Kinetically, the reversible formation of
hydrides is slow. Thermodynamically, the stability of a hydride must lie within a
specific range for the hydrogenation/dehydrogenation phase boundary to occur at
practical pressures and temperatures.
The primary aim of this research is to promote the kinetics and tailor the
thermodynamics of the light metal hydrides such as magnesium hydride,
borohydrides, and alanates by employing material design strategies such as catalytic
doping and additive destabilization to design and experimentally validate novel
single or multicomponent hydride systems that not only possess high storage
capacities but are also able to undergo hydrogen uptake/release cycling at
temperatures below or around 100 °C.
The major objectives of this work are: 1) to study and modify the kinetics and
thermodynamics of the existing materials and develop new types of materials, as well
as demonstrating the potential of these materials for practical hydrogen storage
applications; 2) to investigate the reaction mechanisms involved in these materials or
material systems during the dehydrogenation and hydrogenation process; 3) to study
the catalytic effects of transition metal compounds on the hydrogen uptake/release
properties of these materials or material systems.
Some of the scope of this project is briefly outlined as follows:
•

A thorough literature review of current solid state hydrogen storage materials,
especially in terms of recent developments on light metal hydrides (Chapter
2).

•

Development of NaBH4 for reversible hydrogen storage through titaniumbased catalysts and destabilization agents such as MgH2, LiAlH4, CaH2, and
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Ca(BH4)2, as well as investigating new systems such as MgH2-NaBH4,
LiAlH4-NaBH4, CaH2-NaBH4, and Ca(BH4)2-NaBH4, with and without
catalyst doping (Chapter 4).
•

Study the effects of hydrogen-back pressure and additives (NbF5, Ni, Ru/C)
on the hydrogen sorption properties of the LiBH4-MgH2 composite system
(Chapter 5).

•

Investigation of the properties of mixtures consisting of LiAlH4 and MgH2 or
LiBH4, with or without catalyst (TiF3), as hydrogen storage materials
(Chapter 6).

•

Study and modify the dehydrogenation and rehydrogenation properties of
light metal hydrides such as MgH2, Ca(BH4)2, and NaAlH4 with and without
catalytic doping. (Chapters 7, 8, 9).

•

Finally, summarizing the overall doctoral work and providing some
suggestions for further research work related to these light metal hydrides.
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2

CHAPTER 2 LITERATURE REVIEW ON METAL HYDRIDES

This chapter will briefly present the general background for i) hydrogen was
chemically stored in solid-state materials. ii) the theory of metal hydrides, iii) recent
progress on the hydrogen absorption/desorption kinetics of light metal hydrides, and
iv) thermodynamic modification of the light metal hydrides.
2. 1 Chemical storage in solid state materials
As mentioned in Chapter 1, hydrogen can either be physically stored in high
pressure hydrogen cylinders, or in liquefied hydrogen form (cryostorage), or in high
surface area materials, or be chemically stored on solid-state materials. However, the
current goal is to develop an effective on-board hydrogen storage system for mobile
applications, which need compact, light, safe, and affordable containment [1]. For
high surface area materials such as carbon nanotubes and related materials, as
mentioned earlier, the biggest problem is the low hydrogen capacity at modest
temperatures. On the other hand, in addition to the expected hazards involved in
storing and using gaseous or liquefied hydrogen in high pressure vessels, the
volumetric densities for liquid or gaseous hydrogen stored in commercial tank is
also relatively low, which is not suitable for the use in fuel cell driven cars. As can be
seen from Chapter 1, the solid metal hydrides offer the largest volumetric density and
therefore are now considered to be the most safe and effective way to store hydrogen.
In the following, we will focus on the solid-state metal hydrides as potential
materials for practical hydrogen storage applications.
2.1.1 Metal hydrides
Hydrogen can react with some metals or alloys at elevated temperatures and
pressures to form metal hydrides. The metal hydrides formed may be different in
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nature and can be grouped into three basic types according to the nature of the metal–
hydrogen bond: metallic hydrides, ionic or saline hydrides, and covalent hydrides [2].
Binary transition metals, including the rare earth and actinide series, form metallic
hydrides, while metals from the alkaline and alkaline earth groups form ionic
hydrides. Metallic hydrides have a wide variety of stoichiometric and nonstoichiometric compounds, where the hydrogen acts as a metal and forms a metallic
bond. One of the examples of metallic hydrides is TiH2. Typical binary ionic
hydrides are sodium hydride (NaH) and calcium hydride (CaH2). In these compounds,
hydrogen exists as a negatively charged ion (H-) or an electron acceptor, whereas
hydrogen is partially negatively charged (Hδ-) in complex ionic hydrides such as
LiAlH4 and LiBH4. As the name implies, covalent hydrides, for example, LiNH2 and
Mg(NH2)2, contain covalent bonds,. In these hydrides, hydrogen is partially
positively charged (Hδ+), so that it can act as an electron donor. However, the above
division should not be taken too literally. In fact, most of the metal hydrides have a
mixture of different types of bonding. For example, in magnesium hydride, the
interaction between hydrogen and magnesium is partly ionic and partly covalent.
Metal hydrides rely on stronger chemical interactions than sorbents, and this
results in materials that store hydrogen at higher temperatures, which is now
considered a more safe and effective way to handle hydrogen than methods involving
compressed gas and liquid hydrogen, as they offer volumetric hydrogen densities
substantially greater than that of compressed gas and comparable to or exceeding that
of liquid hydrogen. Therefore there has been substantial research and development
activity in the use of novel condensed-phase hydride materials in the past several
decades (Figure 2.1 shows the volumetric and gravimetric hydrogen densities of
some selected hydrides [3].) The main problem encountered in the development of
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such materials is the difficulty of meeting all the practical requirements of high
volumetric and gravimetric storage capacities, moderate pressures and temperatures
for hydrogen absorption/desorption, and fast hydrogen absorption/desorption kinetics.

Figure 2.1 Gravimetric and volumetric hydrogen densities of selected metal
hydrides [3].
The pioneering work on hydrogen storage using metal hydrides such as
LaNi5H6.5 dates from 1967 and has led to the development of hydrogen storage tank
prototypes for stationary and mobile applications in subsequent decades [4].
Unfortunately, the storage tanks were too heavy to be applied in vehicular
applications, due to the use of heavy atoms (La, Ni, Fe, etc) to absorb the hydrogen.
For example, the proportion of hydrogen in LaNi5H6.5 remains below 2 wt% [4,5].
Other transition metal hydrides such as AB2-type (TiMn2, ZrMn2), A2B-type
(Mg2Ni), and BCC-type (Ti-V-based) have relatively higher hydrogen capacity, but
the hydrogen storage capacities of these alloys are still less than 4 wt % [6-8].
One approach to improve storage capacities is hydrogen storage in lightweight
complex metal hydrides. In the last few years, Li, Na, Mg, Ca, and K salts of AlH4-,
NH2-, and BH4- have received much attention due to their high hydrogen density [9].
(Table 2.1 shows the properties of some selected lightweight complex metal hydrides

13

[9].) However, use of complex hydrides for hydrogen storage is challenging because
of both kinetic and thermodynamic limitations. Kinetically, the reversible formation
of complex hydrides is slow. Thermodynamically, the stability of a complex hydride
must lie within a specific range for the hydrogenation/dehydrogenation phase
boundary to occur at practical pressures and temperatures. For example, except for
NaAlH4, most low-Z alanates appear to be too unstable. In contrast, the borohydrides
LiBH4 and NaBH4 are too stable. On the other hand, the elimination of ammonia gas
in using amides for hydrogen storage is the most important issue, because a very
small amount of ammonia (ppm level) poisons the catalysts of proton exchange
membrane (PEM) fuel cells.
Table 2.1 Material properties of lightweight complex metal hydrides [9].

2.1.2 Chemical hydrides
The so-called chemical hydrides typically consist of lighter elements than the
metal hydrides, which results in much higher gravimetric storage capacity. Recent
attention has been focused on chemical hydrides in which hydrogen is stored as E-H
bonds − where E is a light main group element such as C, B, N, or O [10]. Chemical
hydrogen storage is defined as a process whereby the hydrogen is released by a
chemical reaction, which is induced by hydrolysis or thermolysis. Many materials
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with high volumetric and/or gravimetric hydrogen densities have been studied over
the last few years, in which ammonia–borane (AB) is leading candidate, which is
justified by its extremely high gravimetric hydrogen capacity (19.6 wt %), moderate
thermal stability, and satisfactory air stability [11, 12]. AB can release hydrogen via
catalyzed hydrolysis in an aqueous solution, catalyzed dehydrocoupling under nonaqueous conditions, or thermolysis at elevated temperatures. Compared to the solid–
liquid reaction systems, the latter solid–gas approach is clearly more appropriate for
practical on-board applications, owing to the ease in designing the apparatus and the
hydrogen capacity advantage. However, there are several problems hindering its
practical use, including the sluggish dehydrogenation kinetics, the hydrogen purity
suffers from the release of trace quantities of borazine and ammonia, and serious
foaming that occurs in the decomposition process and complicates engineering
design. Various approaches have been recently developed to lower the
decomposition temperature of ammonia borane through the use of nanoscaffolds,
iridium or base-metal catalyst, carbon cryogel and ionic liquids and so on [13-15]. In
particular, an approach has been successfully applied been applied in the
manipulation of the thermodynamic property of AB through chemical modification.
By reacting alkali or alkaline earth metal hydrides with AB, i.e., MHn + nNH3BH3 →
M(NH2BH3)n + nH2, amidoborane M(NH2BH3)n, where M is an alkali or alkaline
earth metal can be prepared.

For example, Xiong et al. synthesized lithium

amidoborane (LiNH2BH3, LiAB) and sodium amidoborane (NaNH2BH3, NaAB)
through ball milling AB with either LiH or NaH, releasing 10.8 wt% and 7.5 wt%
hydrogen, respectively, at lower temperatures (i.e. 91 °C) than AB and borazine [16] .
It has been suggested that an interaction between the protic NH3BH3 or hydridic

15

NH3BH3 hydrogens and the admixed metal hydrides will result in more rapid or
lower temperature hydrogen release.
In many cases, the high gravimetric hydrogen densities and favourable
dehydrogenation targets established for hydrogen storage could be easily satisfied
based on the chemical hydrides, especially boron-nitrogen compounds [10], but most
such materials suffer from unfavourable thermodynamics, that is, a strong
exothermic dehydrogenation reaction, which is theoretically infeasible for direct
rehydrogenation. Although indirect chemical routes to regenerate the composite from
its decomposed products do provide a feasible solution, the development of metal
hydrides with favourable reversibility towards greater efficiency and lower cost may
be a more promising satisfactory solution for on-board applications. Therefore, more
detailed information on the chemical hydrides, which is beyond the scope of the
current research, will not be discussed hereafter.
2. 2 Thermodynamics and Kinetics of Metal Hydrides

2.2.1 Thermodynamics
When exposed to hydrogen, a hydride-forming metal (M) will form a metal
hydride following the reaction:
M + x/2 H2 ↔MHx + Q

(2.1)

where Q is the heat of reaction of hydride formation. The thermodynamic aspect of
this reaction can be conveniently described by pressure–composition isotherms (PCI).
A schematic PCI curve is shown in Figure 2.2 [17].
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Figure 2.2 (a) Schematic of a pressure–composition isotherm. α is the solid solution
of hydrogen and β is the hydride phase; (b) van’t Hoff plot giving the enthalpy of
hydride formation ∆H.
Figure 2.2 is a highly idealized description of the behavior of a metal hydride.
When hydrogen comes into contact with a metal hydride forming metal, the
hydrogen molecule (H2) first physisorbs onto the surface; it then dissociates into two
hydrogen atoms (2H), which can diffuse into the metal, forming a solid solution of
hydrogen atoms dissolved in the metal lattice. This is usually referred to as the alpha
(α) phase, which has the same crystal structure as the bare metal. As the hydrogen
pressure increases, the concentration of hydrogen atoms dissolved into the metal in
equilibrium with the gas phase, also increases, and when the concentration exceeds a
certain critical value, where the attractive H-H interaction becomes important, a
higher concentration phase (β phase) starts to form. The system now has three phases
(α, β, and hydrogen gas) and two components (metal and hydrogen). From the Gibbs
phase rule, the degree of freedom (f) is:
f = C-P+2

(2.2)

where C is the number of components and P is the number of phases. Therefore, in
the two-phase region the concentration increases while the hydrogen pressure is
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constant, if the process occurs at a constant temperature (isothermal process). Once
the pure β phase is attained (complete disappearance of the α phase) the system has
two degrees of freedom. Hydrogen enters into solid solution in the β phase and the
hydrogen pressure again rises with concentration.
During this transition from the α- to the β phase the two phases are in
equilibrium with each other and the hydrogen molecules in the gas phase. If the
process occurs at a constant temperature (isothermal process), due to the Gibbs’
phase rule, the equilibrium pressure of hydrogen above the metal surface is then
fixed at a value dependent on the properties of the particular metal hydride. This
pressure is referred to as the equilibrium plateau pressure, since in a pressure
composition isotherm (PCI) it appears as a plateau (Figure 2.2). The equilibrium
plateau pressure peq for this reaction is given by the Van ‘t Hoff equation,
ln(Peq/P0) = ∆H/RT - ∆S/R

(2.3)

where p0 is the reference pressure of 1 bar, ∆H and ∆S are respectively the enthalpy
and entropy of the formation of the hydride (β phase), based on one mole of H2. In
general, the entropy change is mainly given by the loss of standard entropy of the
hydrogen gas as it enters the metal lattice. This means that the entropy term does not
depend significantly on the nature of the metal and that the ∆S term can be
considered constant (although this is less true for complex metal hydrides). The
enthalpy term shows the stability of the metal hydride bonds. In most cases ∆H is
negative, reflecting the exothermic nature of the formation of metal hydrides, and
hence peq increases exponentially with temperature.
From Figure 2.2, one also can see that the maximum amount of hydrogen
contained in the metal in α phase is generally rather low, but the amount of hydrogen
in the actual metal hydride β phase is high. To refuel a metal hydride vehicle,
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sufficient hydrogen is supplied at a pressure above peq. The metal(s) in the tank will
then absorb hydrogen until fully converted to the β phase. During driving, by
decreasing the pressure above the metal hydride or increasing the temperature, the
hydride will gradually transform from the β- to the α phase, and in the process
release hydrogen. This can then be used in a fuel cell to generate electricity.
From the point of view of a storage system, the transition from the α- to the β
phase, determined by the enthalpy and entropy of the formation of the hydride, is
therefore a very important characteristic of any potential metal hydride-forming
material. For practical applications the pressure at which this transition takes place
must be close to 1 bar at relatively low temperature (~100 °C). Assuming that ∆S is
the entropy of gaseous hydrogen (130 Jmol-1K-1), the enthalpy of formation of the
hydride ∆H should be between -30 and -55 kJmol-1 to achieve 1 bar H2 equilibrium
between 40 °C and 150 °C, based on the Van't Hoff equation. Unfortunately, none
of the hydrides with sufficiently high hydrogen content (> 6 wt% system target) has
the desired thermodynamic properties.
2.2.2 Kinetics
Not only thermodynamic factors, but also the slow hydrogen sorption kinetics
is a barrier to practical application for many metal hydrides. To realize which step in
the hydrogen sorption process is rate limiting, it is important to understand the
hydrogen sorption process first. The reaction of hydrogen gas with a metal is called
the absorption process and can be described in terms of a simplified one-dimensional
potential energy curve [18]. As shown in Figure 2.3, far from the metal surface, the
potential of a hydrogen molecule and of two hydrogen atoms are separated by the
dissociation energy (H2 → 2H, EDiss = 435 kJ.mol-1 H2). The van der Waals force
leads to the physisorbed state (energy of physisorption, EP = 10 kJ.mol-1H2)
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approximately one hydrogen molecule radius (0.2 nm) from the surface. Closer to the
surface, the hydrogen has to overcome an activation barrier for dissociation and
subsequent formation of the M-H bond. The height of the activation barrier depends
on the surface elements involved. Hydrogen atoms sharing their electrons with the
metal atoms at the surface are then in the chemisorbed state (energy of chemisorption,
EC = 50 kJ.mol-1H2). The chemisorbed hydrogen atoms may have a high surface
mobility, interact with each other, and form surface phases at sufficiently high
coverage. In the next step, the chemisorbed hydrogen atom can jump into the
subsurface layer and finally diffuse on the interstitial sites through the host metal
lattice in an endothermic or exothermic diffusion process.

Figure 2.3 Potential energy curves for the activated or non-activated dissociation and
chemisorption of hydrogen on a clean metal surface, followed by the endothermic or
exothermic dissolution of atomic hydrogen into the bulk [3].
Briefly, the reaction of metallic elements with hydrogen consists of five
different steps as follows [19]:
1) hydrogen physisorption at the surface
2) dissociation of the hydrogen molecule/chemisorption
3) surface penetration of the hydrogen into the material
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4) diffusion through the hydride layer to the interface with the metallic phase
5) conversion of metal into metal hydride
In some cases the situation can be further complicated, for instance, by the
presence of subsurface sites with distinctly different absorption energies. For
hydrogen desorption analogous steps can be discerned. At each step the kinetic curve
has its characteristic form which can be formulated based on the amount of
transformed fraction versus time. The overall kinetics is limited by the slowest step,
the so-called rate-limiting step. The dependence of this curve on pressure and
temperature should also be investigated in order to deduce the rate-limiting steps of
the reaction.
Normally, hydrogen physisorption (step 1) is a fast process, and hence generally
not rate limiting. Hence, an equilibrium concentration at the surface (depending on
the heat of adsorption and the hydrogen pressure) can be generally assumed. Also,
steps 3 and 5 are rarely rate limiting. The rate-limiting step for absorption of
hydrogen is usually either the dissociation of hydrogen at the surface (which depends
on the surface concentration and, hence, indirectly on the physisorption parameters),
or the diffusion of hydrogen through the hydride to the metal/hydride interface, or a
combination of both. Which step dominates also depends on the stage in the
hydriding process. Normally, the system has to be provided with an extra amount of
energy (activation energy) in order for the dissociation to happen. In this case, the
dissociation/recombination reaction is slow and may be the rate-limiting step of the
absorption and desorption. It also should be noted that spontaneous dissociation of
hydrogen molecules will occur on high-index planes of transition metal surfaces such
as Ni, Pd, or Pt, and therefore, no additional energy is required in this case. A
suitable catalyst may thus be found to act on the limiting step of physical and
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chemical absorption and desorption. However, the metal does not usually have a
clean surface, as surfaces of metals are usually passivated by oxygen, which prevents
the dissociation of molecular hydrogen and the diffusion of atomic hydrogen into the
bulk. On the other hand, if the hydride layer thickness increases (assuming hydriding
from the outside to the core of the particles), rate limitation due to diffusion through
the hydride layer will gradually become more important.
The concepts of solid-state kinetics were established on the basis of
experiments carried out under isothermal conditions. This was long before the first
instruments for non-isothermal measurements became commercially available. For
metal hydrides, isothermal dehydrogenation/ rehydrogenation studies are carried out
using an automated Sieverts’ type apparatus, which allows for the accurate
volumetric determination of the amount of hydrogen evolved atteh

desired

temperature and pressure.
To acquire detailed information about the kinetics of the reactions, the
apparent activation energy (Ea) for a reaction can be calculated using the Arrhenius
equation based on the isothermal dehydrogenation/rehydrogenation results:
K(T) = A exp(-Ea/RT )

(2.4)

where K is a temperature-dependent reaction rate constant, A is a pre-exponential
factor, Ea is the apparent activation energy, R is the gas constant, and T is absolute
temperature. Therefore it is necessary to determine the value of K before calculating
the activation energy. Usually, the K can be determined by analyzing the isothermal
hydrogen sorption curves with appropriate solid state kinetic rate expressions, which
are derived from the corresponding solid-state reaction mechanism models such as
the nucleation, the geometrical contraction, the diffusion, and the reaction order
models, which are based on the different geometries of the particles and the different
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driving forces. Many different rate expressions have also been derived from these
mechanisms. Several of the most commonly used mechanisms are listed in Table 2.2
[21-27]. Thus, the obtained model from fitting the sorption data also reflects the
sorption mechanism. After determining the value of ln(k), the activation energy (Ea)
can be calculated by the Arrhenius equation.
Table 2.2 Common solid-state rate and integral expressions for different
reaction models [28].

To identify the solid-state reaction mechanism, it is necessary first to select a
proper model which involves all essential chemical steps. As discussed above, the
kinetic rate limiting step for the metal hydrides is typically either the dissociation/
recombination (chemisorption) transition between hydrogen gas and hydrogen atoms
on the material surface or the nucleation and growth (NG) of the hydride during
absorption or the metal phase during desorption. When hydriding involves a phase
transformation from α to β, nucleation and growth is usually the dominant kinetic
process. One of the most applicable functional models was developed by Avrami
[26], based on the works of Kolmogorov, Johnson, and Mehl [29], which is typically
referred to as the JMA. JMA analysis assumes a random and constant nucleation rate
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or constant number of nuclei, infinite sample volume and hard impingement between
nuclei of the new phase. The JMA model has been widely used in the study of MgH2,
and alanates [30-33]. The central equation of this model is given by
f = 1 - exp(-(kt)η)

(2.5)

where f is the fraction of the material that has undergone the α→β transformation, k
is the rate constant, η is a constant related to the dimensionality of the growth
process, referred to as the Avrami exponent, and t is time. Using the JMA equation,
the Avrami exponent η and the rate constant k can also be determined by fitting the
sorption curve.
On the other hand, after non-isothermal measurements became commercially
available, the kinetic analysis of solid-state reactions from experimental
thermoanalytical (TA) data recorded under non-isothermal conditions became very
popular from the earlier proposals by Kissinger [34]. When a reaction occurs in
differential thermal analysis (DTA), the change in the thermal properties of the
sample is reflected by a deflection or a peak. If an activation energy is needed for the
reaction to proceed, it occurs at a rate varying with temperature, and the position of
the peak changes with the heating rate if other experimental parameters remain fixed.
This variation in peak temperature could be used to determine the activation energy
of the reaction for first order reactions (assuming that the temperature of maximum
deflection (the peak) in differential thermal analysis is also the temperature at which
the reaction rate is at a maximum).
Kissinger analysis can be employed to measure the activation energy of the
reaction. The method developed by Kissinger allows for obtaining the activation
energy of a chemical reaction of any order by considering the variation of the peak
temperature. The fact that conversion at the maximum rate of conversion is constant
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and independent of the heating rate in the case of linear heating, if the rate constant
follows the Arrhenius law, makes this method widely applicable. The Kissinger
analysis can be expressed in the following form [34]:
ln(β/Tm2)= - Ea/RT

(2.6)

where β is the heating rate in °C/min, Tm is the absolute temperature for the
maximum desorption rate, and R is the gas constant. The Tm shifts to higher values
when the heating rate increases. The plot of ln(β/Tm2) versus 1/ Tm is also a straight
line. From the slope of the straight line, the activation energy Ea was determined.
2. 3 MgH2
Magnesium is cheap and abundant, and is considered as one of the most
promising candidates for hydrogen storage. Its hydride MgH2 possesses outstanding
hydrogen storage capacity of 7.6 wt%. However, use of MgH2 for hydrogen storage
is challenging due to its thermodynamic and kinetic limitations: Thermodynamically,
the commonly accepted value of enthalpy is ~74.7 kJ mol-1 H2 [36]. Obviously, the
large enthalpy value reflects the high stability of MgH2. The plateau pressure of
Mg/MgH2 is very low at room temperature and consequently, temperatures above
300 °C are needed to release hydrogen from MgH2 under standard conditions [37].
Kinetically, magnesium suffers from very slow hydriding and dehydriding reactions,
and several hours are required to achieve full hydriding and dehydriding on bulk
magnesium [38,39]. The cause of such sluggish kinetics has not been completely
elucidated, but the following reasons are widely accepted: (a) the passivation layer
covering the surface of magnesium particles, (b) the poor dissociation rate of
hydrogen at the magnesium surface, and (c) the slow diffusion rate of hydrogen in
magnesium and magnesium hydride. Over the years, various attempts have been
undertaken to overcome the thermodynamic and kinetic limitations, and will be
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reviewed as follows.
2.3.1 Thermodynamic destabilization
During the past decades, strong efforts have been undertaken to search for novel
Mg-based hydrides with lower hydrogen reaction enthalpy, in which alloy chemistry
has been made to favourably modify the enthalpy of hydride formation, not only of
MgH2, but also of other hydrides.
In principle, there are two possible ways to alter the hydrogen reaction
enthalpies of Mg based materials: either (i) a ternary or multinary hydride is formed
during hydriding a Mg based alloy, or (ii) only MgH2 is formed and the alloying
element precipitates in elemental form during hydrogenation. In the first case, in
order to decrease the overall amount of reaction enthalpy, the change in the enthalpy
of formation (per mol H2) of the ternary hydride with respect to MgH2 has to be
smaller than the heat of formation of the intermetallic compound. In the second case,
the value of the reaction enthalpy is directly lowered by the heat of formation of the
intermetallic compound. Consequently, this approach is thermodynamically most
successful in the case of very stable intermetallic compounds and when the alloying
element forms a complex with hydrogen, which forms a weak ionic bond with Mg,
or phase separation occurs during hydrogenation.
One of the most prominent examples for the first class of materials is Mg2NiH4.
The enthalpy of reaction for the formation of the hydride Mg2NiH4 from the
intermetallic compound is ∆H = -67 kJ (mol H2)-1 and is thus increased in
comparison with MgH2 [4]. However, for many applications, the substantially
reduced storage capacity of 3.6 wt % is still far too low and, furthermore, Mg2NiH4
is too stable, thus the desorption temperature and the amount of energy required to
release the hydrogen are too high. Furthermore, modification of magnesium with
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other transition metals such a Fe has also led to ternary hydride, i.e. Mg2FeH6,
showing values of enthalpy relatively similar to that of MgH2 [40]. In the second
approach, Reilly and Wiswall used the Mg-Cu system to show that upon desorption,
the net heat of MgH2 formation is reduced by the enthalpy of the intermetallic
MgCu2 reaction [4]. This approach was recently demonstrated for the Mg-Si system,
where the net heat of hydride formation was reduced to the desired range by the
formation of MgSi2 [41], but this approach often has kinetic limitations due to the
difficulty of phase nucleation.
Table 2.3 Stability and hydrogen capacity of different MgH2 reactions [35].

2.3.2 Mechanical and Catalytic effects on kinetics
The slow absorption/desorption kinetics of hydrogen in magnesium is another
drawback when considering magnesium for the practical storage of hydrogen. The
breakthrough was achieved using nanocrystalline hydrides prepared by high-energy
ball milling [42-45].

Figure 2.4 illustrates the drastic effect of milling on the

hydrogenation kinetics of magnesium hydride. This improvement was explained by
an abundance of defects that act as nucleation sites for the hydride phase and by
grain boundaries that facilitate hydrogen diffusion in the matrix. Increases in specific
surface area also play a significant role. In a series of papers by different research
groups, it was also shown that particle size is probably the dominant factor for the
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enhanced kinetics of ball-milled magnesium hydride [46-49].

Figure 2.4 Hydrogen absorption curves of un-milled (filled symbols) and ball-milled
(hollow symbols) MgH2 under a hydrogen pressure of 1.0 MPa [44].
It is well known that the catalysing agent can be uniformly distributed on the
hydride surface or grain boundaries when the metal hydride is ball milled with a
catalyst, which is believed to facilitate the dissociation/recombination of hydrogen on
the hydride surface and therefore catalyse H-sorption in the hydride. In order to
further increase the hydrogen sorption kinetics, a wide range of catalysts, including
carbon based materials, transition metals, metal oxides, metal hydrides, and Hstorage alloys, has been doped into magnesium or magnesium hydride through
mechanical milling [50-65]. The most impressive results were obtained with
transition metal catalysts such as Nb and their respective oxides. For example,
hydrogen desorption/absorption kinetics below 5 min at 300 °C could be achieved
with Nb or Nb2O5 addition. The exact role of these transition metals on the overall
hydrogen kinetics of magnesium remains unclear, but it is believed that transition
metals such as Nb may act as hydrogen pumps, facilitating both hydrogen absorption
and desorption. It was also demonstrated that a nanostructured catalyst gives
enhanced sorption properties compared to its micron-sized counterparts. For example,
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Hanada et al. showed that after milling, the catalyst is homogeneously distributed on
the nanometer scale [66]. The role of transition metal oxide is also subject to debate.
In fact, it has been observed that milling magnesium with metal oxides gives as good
or even faster hydrogenation kinetics than with their metallic counterpart. The
literature on this subject is abundant, but recently, it has been recognized that milling
magnesium with a metal oxide gives a smaller average particle size than when the
milling is performed with a metal [49]. A possible interpretation of the catalytic
effect may be the appearance of ternary magnesium-niobium oxides, which was
evidenced by transmission electron microscopy (TEM) [67] and neutron diffraction
[68]. Despite the abundant literature on this subject, more research is needed in order
to elucidate the relative effects of particle size, presence of defects, grain boundaries,
ternary magnesium-metal oxides, impurities, cycling, and so on.
A suitable catalyst may speed up physical van der Waals adsorption of
hydrogen at the surface or its chemisorptions, as well as diffusion through the bulk of
the material. Furthermore, the catalyst may enhance the hydrogen atom penetration
through the passive layer of oxide or hydroxide on the surface to the bulk of material.
This is of essential importance for Mg, because of the low probability of hydrogen
molecule adsorption on the surface (10-6). However, the temperature range of
operation and the reaction heat in catalyzed magnesium based materials are too high
for most technical applications, for example, > 200 °C and 75 kJ (mol H2)-1,
respectively.
2.3.3 Size effects
It is well-documented that the physical and chemical properties of clusters and
nanoparticles can be very different than those of the corresponding bulk materials.
Reducing the particle size of the metal hydride to the nanometer range can result in
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enhanced kinetics, and in some cases, modified thermodynamics. Metal hydride
nanoparticles or nanocomposites are usually prepared by high-energy ball milling.
Figure 2.5 shows the impact of ball milling, which can reduce the crystallite size
down to 30 nm, on hydrogen sorption. For mm-sized particles the desorption is so
slow that it is negligible even after 2 h, while for 50 and 30 nm-sized crystallites,
80% of the hydrogen content is released in 70 and 30 min, respectively.

Figure 2.5 Effect of crystallite size reduction by ball milling on the hydrogen
desorption rates in vacuum at 300 °C [45].
The above results clearly show the superior hydrogen desorption kinetics of the
nanocrystalline magnesium with smaller size compared to larger size. However,
mechanical milling is a very restrictive technique because of the difficulty of
accurately controlling the milling process and thus the quality of the final product. In
the best cases, particle sizes >100 nm are produced with agglomeration, impurities,
and very inhomogeneous size distributions, ranging from the nanometre to the
micrometre scale. It is also unlikely to achieve small sizes of a few nm through
nanostructuring without recrystallisation problems. Furthermore, the nanostructure
formed during the milling process is not sufficient to guarantee fast kinetics and
nanocrystalline domains small enough to induce thermodynamic destabilisation of
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metal hydrides.
An alternative to mechanical milling is to use a bottom-up approach, such as gas
phase condensation, scaffold methods, or self-assembly techniques. Several gas
phase processes, including chemical vapor deposition and plasma, have been
successfully used to produce various nano-metallic objects for hydrogen storage
purposes. For example, Kooi et al. successfully prepared nanoparticles of magnesium
with an average size of 40 nm by gas-phase synthesis, but the yield of such a
synthetic method is relatively low [69]. Furthermore, such nanoparticles are not
stabilized and thus subject to agglomeration and sintering. Agglomeration and
sintering can be reduced by confining the nanoparticles within a scaffold. The
confinement of the magnesium or magnesium hydride nanoparticles is done either by
melt infiltration or by an impregnation method with an appropriate metallic precursor.
For example, Zhang et al. used dibutylmagnesium (Bu2Mg) as a precursor and
successfully incorporated 15 mass % MgH2 within carbon aerogels [70]. Gross et al.
incorporated 3.6 wt% MgH2 and 9–16 wt% MgH2 with metal wetting layers in a
mesoporous carbon aerogel by melt infiltration [71].

Figure 2.6 Van’t Hoff plot for the formation of MgH2 in an activated carbon
fiber (ACF) matrix with bulk MgH2 as a reference [72].
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More recently, MgH2 nanoparticles with a size of 3 nm were formed by direct
hydrogenation of Bu2Mg inside the pores of a carbon scaffold [72]. The hydrogen
uptake and release results revealed that the activation energy for the dehydrogenation
was lowered by 52 kJ mol-1 compared to the bulk material, and a significantly
reduced reaction enthalpy of 63.8 ± 0.5 kJ mol-1 and entropy (117.2 ± 0.8 J mol-1)
was found for the nanoconfined system. The main limitation of such an approach is
the significant decrease in hydrogen storage capacity due to the mass of the scaffold
host.
Obviously, both the kinetics and the thermodynamics of metal hydrides may be
altered on the nanoscale. However, development of new strategies to synthesize
nansosized metal hydrides is still required to improve the capacity, kinetics, and
thermodynamics for practical purpose.
2. 4 Alanates

2.4.1 NaAlH4
For many years, the hydrogen content of NaAlH4 seemed to be sufficiently high
to make it promising for hydrogen storage. The disadvantages of NaAlH4 were the
high dehydrogenation temperature and the unfavorable kinetics, as well as the
limited reversibility. However, the real breakthrough came with the discovery of
Bogdanović and Schwickardi that doping sodium aluminum hydride with a catalyst
improves the kinetics of dehydrogenation and makes the reaction reversible [73].
Since then the decomposition and re-adsorption of hydrogen in the NaAlH4 system is
one of the most intensively investigated reactions in the field of solid hydrogen
storage materials. It is well known that NaAlH4 decomposes to release hydrogen in
three steps according to the following reactions:
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NaAlH4
Na3AlH6
NaH

↔

1/3Na3AlH6 + 2/3Al +3/2H2

↔ 3NaH+ Al + 3/2H2
↔

Na + 1/2H2

3.7 wt % H2

(2.7)

1.9 wt % H2

(2.8)

1.9 wt % H2

(2.9)

In principle, the first step gives 3.7 wt % hydrogen and the second one 1.9 wt %
upon heating. The last reaction, Eq. (2.9), however, occurs at over 300 °C, releasing
another 1.9 wt % of hydrogen. This temperature is high, and hence, the desorption of
NaH is not considered as useful capacity for practical purposes. Thus, the amount of
hydrogen practically available is ~5.6 wt%.
Catalytic doping is crucial for NaAlH4 to be reversed under moderate conditions.
At first, titanium compounds such as titanium butoxide were under consideration, but
the catalyst precursor preferred nowadays is TiCl3 which has already been added
during synthesis of NaAlH4 by ball milling [74,75]. After that, various catalysts, such
as carbon [76-80], transition metal-based [81-89], or even rare earth metal-based [9094] materials have been found to be active in significantly enhancing the reaction
kinetics of NaAlH4. In particular, it was found that the use of a carbon nanostructure
as a co-dopant would also have a further favourable impact on its dehydrogenation
and hydrogenation kinetics [95,96]. For example, Dehouche et al. report that when
they doped NaAlH4 with 1 mol % Ti, 1 mol % Zr, and 2 wt % single-walled carbon
nanotubes (SWCNTs), graphite, or AX-21 activated carbon, and then ball milled it,
the dehydrogenation kinetics improved dramatically [96].
Even though the positive effect of the catalyst was obvious, the state of the
catalyst and its role were unclear. For example, various studies have been carried out
on Ti doped NaAlH4 to analyse the location and role of the Ti catalyst. Although
several Ti-containing species are proposed as the active species, including Ti-Al
alloy [84,85,87], Ti hydrides [86], and Ti cations in the NaAlH4 lattice [82], none of

33

them has been conclusively confirmed. Currently, identifying the nature of the active
transition-metal species and understanding the rate-limiting steps in the
decomposition of materials evolving hydrogen are two challenging tasks when
studying NaAlH4 as a viable on-board hydrogen storage material.
Catalytic doping normally has an effect on kinetic behaviour, but not always on
thermodynamic behaviour. However, recently it has been theoretically and
experimentally demonstrated that a small amount of F- anions may be incorporated
into the metal hydride lattice to replace H- anions, which will result in more
favourable thermodynamic conditions for dehydrogenation with a decreased
desorption enthalpy [97-100]. For example, it has been reported that NaF formed insitu can work as a source of nucleation centers for the formation of NaH due to their
identical crystallographic structure and comparable lattice parameters. This promotes
nucleation and growth of NaH upon dehydrogenation, and therefore accelerates the
decomposition of NaAlH4 [97]. It has also been reported that the Al–H bonds in
[AlH4] and [AlH6] groups are weakened by the substitution of F- anion for H-,
resulting in decreased stability of the Al–H group [98-100]. It was suggested that as a
source of both transition metal and fluorine anions, transition metal fluorides may
provide a prototype catalyst that can simultaneously modify the H-exchange kinetics
and the thermodynamics of NaAlH4 and other metal hydrides.
2.4.1 LiAlH4
LiAlH4 used to be considered as a powerful reducing agent in organic chemistry.
It is also regard as a promising material for hydrogen storage due to its high
theoretical hydrogen capacity of 10.6 wt %. The first synthesis of LiAlH4 was
reported in 1947, starting from LiH and an ether solution of AlCl3 [101].
Alternatively, it can be obtained by direct synthesis from LiH and Al, using TiCl3 as
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the catalyst precursor and tetrahydrofuran (THF) as complexing agent [102,103]. The
decomposition of LiAlH4 involves structural phase transformations and several
decomposition steps, and has been intensively investigated [104-109]. First, the
endothermic melting of LiAlH4 between 165 and 175 °C is observed, followed by the
exothermic decomposition (∆H = -10 kJ mol-1H2 ) and recrystallization of Li3 AlH6
between 175 and 220 °C (Eq. 2.10). In a further endothermic reaction step (∆H = -25
kJ mol-1 H2), the hexahydride decomposes, and LiH and Al metal are formed (Eq.
2.11). The final dehydrogenation step is associated with the decomposition of LiH
between 370 and 483 °C (Eq. 2.12).
3LiAlH4 → Li3 AlH6 + 2Al + 3H2

(2.10)

Li3 AlH6 → 3LiH + Al + 3/2H2

(2.11)

3LiH + 3Al → 3LiAl + 3/2H2

(2.12)

In principle, reactions 1 and 2 proceed around 160-220 °C and liberate 5.3 and 2.6 wt
% of hydrogen, respectively. The last reaction (Eq. 2.12), however, occurs at above
400 °C, releasing another 2.6 wt % of hydrogen. This temperature is high, and hence
the desorption of LiH is not considered as useful capacity for practical purposes.
Thus, the maximum potential hydrogen storage capacity of LiAlH4 decreases to 7.9
wt %.
The influence of both high energy ball milling and the presence of catalysts on
the stability of LiAlH4 has already been investigated [107-115]. For example, the
presence of catalysts accelerates the decomposition of LiAlH4, and complete
decomposition to the hexahydride is observed after 5 min ball milling with TiCl4 (3
wt.%) as catalyst [113]. However, most of the reports summarized so far deal only
with the dehydrogenation of LiAlH4. However, a solid-state hydrogen storage
material should reversibly re-adsorb hydrogen.

35

From the viewpoint of thermodynamics, the enthalpy change corresponding to
release of H2 in metal hydride must be positive in order to make the hydride
thermodynamically reversible under practical conditions. However, as shown above,
the exothermic decomposition of LiAlH4 to Li3AlH6 makes rehydrogenation
impossible, and LiAlH4 can therefore not be used as a reversible hydrogen storage
material. Thus, although the decomposition temperature and kinetics of LiAlH4 can
be modified through catalyst doping, it appears to have been widely accepted that
LiAlH4 cannot be recharged. However, the unfavorable thermodynamics of Eq. 2.10
may be altered by carrying out the reaction in solution, with the solvation of LiAlH4
contributing to an (ideally) endothermic ΔH value [103,116-119]. As early as 1963,
Ashby et al. reported that a mixture of LiH and activated Al in THF or diglyme
solvent reacted with 350 bar H2 at 120 °C to produce LiAlH4 [103]. This THF
synthesis has been improved recently by Graetz et al. using Ti doping to significantly
lower the pressure and temperature required [116]. A variation on this method
employing high-energy ball milling of a LiH/Al/H2 mixture in the presence of THF
has also been reported by Ritter and co-workers [117,118]. More recently, lowboiling dimethyl ether (Me2O; bp = -24 °C) has been reported as a reaction medium
to stabilize the Ti-doped LiAlH4 [119]. It was reported that the low-boiling-point
solvent is vented easily along with excess H2 upon completion of the reaction,
leaving a fine, dry powder product. Hydrogen storage performance testing revealed
that Ti-doped LiAlH4 can operate as a reversible hydrogen storage material that can
release up to 7 wt % hydrogen, commencing at temperatures as low as 80 °C, and
that the material can be recharged under remarkably mild conditions.
2.4.1 Other alanates
Other alanates with high hydrogen contents have also been investigated for
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hydrogen storage purpose, for example, Mg(AlH4)2 has 9.3 mass % hydrogen, and
Ca(AlH4)2 has 7.7 mass % H2. Pure Mg(AlH4)2 or Ca(AlH4)2 can be synthesized
through a metathesis reaction of NaAlH4 or LiAlH4 with MgCl2 or CaCl2 by ball
milling or under solvent, with a subsequent purification procedure [120-123].
Claudy et al. investigated the decomposition of solvent-free Mg(AlH4)2
prepared from NaAlH4, MgCl2, and THF [124]. The decomposition starts between
130 and 160 °C (endothermic, ∆H ≈ 0 kJ mol-1, reaction 1) with the formation of
MgH2 and Al. The second step proceeds at about 300 °C (endothermic reaction 2)
which was originally assigned to the formation of Mg and Al as crystalline
compounds. However, more recent X-ray diffraction studies show the formation of
Mg–Al alloy [125-127]. The decomposition mechanism can be formulated as follows
(Eqs. 2.13 and 2.14):
Mg(AlH4)2 → MgH2 + 2Al + 3H2

(2.13 )

MgH2 + 2Al → 0.5Al3Mg2 + 0.5Al + H2

(2.14 )

Similar to NaAlH4 and LiAlH4, both ball milling and adding a Ti catalyst have a
positive effect on the kinetics of the decomposition [126-128]. However, Mg(AlH4)2
is more unstable than LiAlH4 or NaAlH4. Even after doping with Ti, only 0.3 wt.%
H2 can be absorbed over long reaction times at 30 MPa and 80 °C.
For Ca(AlH4)2, Maltseva et al. investigated the decomposition of Ca(AlH4)2 by
DTA experiments which showed several exothermic and endothermic reactions
associated with hydrogen evolution [129]. From in situ X-ray diffraction studies and
differential scanning calorimetry (DSC) analysis of solvent-free Ca(AlH4)2 [130], it
is evident that the decomposition proceeds in three steps (Eqs. (2.15)–(2.17)):
Ca(AlH4)2 → CaAlH5 + Al +1.5H2

(80-100 °C)

(2.15)

CaAlH5 → CaH2 +Al +1.5H2

(180-220 °C)

(2.16)
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CaH2 + 2Al → CaAl2 + H2

(350-400 °C)

(2.17)

The first step was confirmed to be exothermic (∆H = 7.5 kJmol-1), which makes
reversible rehydrogenation under reasonable physical conditions almost impossible.
As discussed above, most of simple metal alanates, such as NaAlH4, Mg(AlH4)2,
and Ca(AlH4)2 suffer from high reaction enthalpies, which fall outside the preferred
range (39–46 kJ mol-1 of H2) for reversible hydrogen storage systems, resulting in
compounds that are either too stable (liberating H2 at high temperature) or too
unstable (requiring extremely high pressures for rehydrogenation) for on-board
applications. Consequently, considerable effort has been devoted to the development
of mixed alanate compounds with improved thermodynamics. A series of mixed
alkali and alkaline-earth alanates have been investigated and reported for their
hydrogen storage performances, e.g., Na2LiAlH6, K2LiAlH6, K2NaAlH6, and
LiMg(AlH4)3 [132-139]. Among them, Na2LiAlH6 has proved to be reversible for
hydrogen storage through the following reaction [137,138]:
Na2LiAlH6 ↔ 2NaH + LiH +Al + 3/2H2

(2.18)

Usually, Na2LiAlH6 has been prepared either by the reaction of LiAlH4 with
2NaH in toluene or by a solid-state reaction at elevated temperatures and high H2
pressure (50 kbar and 400 °C). Recently, Huot et al. developed a facile preparation
method by ball-milling a mixture of NaH, LiH, and NaAlH4 [136]. Specimens of the
same composition were also obtained by ball milling a mixture of NaH and LiAlH4
at a molar ratio of 2:1 [138]. Furthermore, hydrogen storage performance of
Na2LiAlH6 with and without catalyst was also investigated [73, 137-139]. For
example, thermodynamic investigations on TiF3-catalyzed Na2LiAlH6 revealed that
its dissociation enthalpy was about 56.4 kJ/mol-H2, slightly higher than 47 kJ/mol-H2
for Na3AlH6 [137]. Bogdanović and his co-workers reported that Na2LiAlH6 with

38

TiCl3 as the additive had one plateau in pressure-composition (P-C) isotherms with a
reversible hydrogen capacity larger than 3 wt % at 210 °C [73]. More recently, the
kinetics and thermodynamics of Na2LiAlH6 were found to be improved by
introducing TiF4 [139].
2. 5 Borohydrides

2.5.1 LiBH4
The study of borohydrides as candidate hydrogen storage materials started with
LiBH4. Its high hydrogen storage capacity of 18.5 wt % makes it very promising for
hydrogen storage, and it therefore has been studied intensively in the last decade.
Upon heating to 108-112 °C, LiBH4 undergoes a reversible polymorphic
transformation from an orthorhombic (space group Pnma) to a hexagonal structure
(space group P63mc) possibly with disordered BH4 complexes [140]. At 275-278 °C
LiBH4 melts, and at temperature above 380 °C, it decomposes, releasing 80% of its
total hydrogen content. At 483-492 °C, thermal analysis shows an unexplained
endothermic effect which coincides with the liberation of 50% of its remaining
hydrogen content [141]. The complete dehydrogenation reaction can be simplified as
follows, without mentioning the possible formation of the intermediate Li2 B12H12
species [142-148]:
LiBH4 → LiH + B + 3/2 H2

(2.18)

LiH → Li + 1/2 H2

(2.19)

Although the dehydrogenation of LiH occurs at much higher temperatures, around
720 °C, and hence the decomposition of LiH is not considered as useful capacity for
practical purposes, the maximum potential hydrogen storage capacity of LiBH4 still
reaches the high hydrogen storage capacity of 13.9 wt %, according to the reaction in
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Eq. 18. However, use of LiBH4 for practical hydrogen storage is limited by the
thermodynamics and kinetics. For example, it requires a temperature of over 400 °C
for rapid hydrogen release and rigorous conditions of 600 °C and 35 MPa hydrogen
pressure for full restoration of the hydride [19-151]. Various attempts have been
undertaken to overcome the thermodynamics and kinetics and will be reviewed
below.
2.5.1 Tailoring the thermodynamics
As discussed above, in metal hydrides, the enthalpy change ΔΗ becomes the
specific indicator to evaluate thermodynamic stability due to the entropy change ΔS,
which mainly comes from the gaseous hydrogen (i.e., a constant ΔS = 130 J・K−1
mol-1 H2). For metal borohydrides, ΔΗ is calculated from the difference in the heat of
formation between the product and the starting materials. Therefore, in principle, two
main approaches to tailor the thermodynamic stabilities from both sides—the starting
materials and the products—are expected: (a) destabilization of M(BH4)n and (b)
stabilization of dehydrogenation products, as shown in Figure 2.7.

Figure 2.7 Schematic illustration of two main approaches to tailor the
thermodynamic stabilities of metal borohydrides M(BH4)n, where M is a metal: (a)
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destabilization of M(BH4)n and (b) stabilization of dehydrogenation products [152].
Nakamori et al. [153,154] theoretically and experimentally found that a
correlation exists between the thermodynamical stability of a metal borohydride and
the Pauling electronegativity of the metal cations, and proposed that the
dehydrogenation temperature of M(BH4)n, where M is a metal, decreases with
increasing electronegativity of M.

Figure 2.8 Relation between the heat of formation ∆H and the Pauling
electronegativity, χp of the cation [154]. The straight line indicates the results of the
least square fitting (∆H = 253.6 kJ/mol BH4 ; χp =-398.0).
This finding suggests a possible way to destabilize metal hydrides, via the
partial substitution of light cations by other cations with larger electronegativities.
For example, Orimo and Miwa et al. demonstrated that partial Li+ substitution by
another element (e.g. Mg) with higher electronegativity might facilitate the
dehydriding process of LiBH4 [149,155]. Recently, this strategy has been
experimentally found to be useful in tuning the thermodynamics of LiBH4 through
forming dual-cation borohydrides. For example, Li et al. prepared ZrLi(BH4)5 and
ZrLi2(BH4)6 by mechanically milling LiBH4/ZrCl4 mixtures in appropriate molar
ratios [156]. Nickels et al. successfully prepared LiK(BH4)2 by calcining a
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LiBH4/KBH4 mixture at moderate temperature [157]. Dehydrogenation tests showed
that the decomposition temperature of these dual-cation borohydrides is lower than
that of LiBH4. The appropriate combination of cations might be an effective method
for adjusting the thermodynamic stability of metal borohydrides, similar to the
conventional “alloying” method for hydrogen storage alloys. More recently, a
computational screening study was performed to identify which ternary metal
borohydrides may show promising decomposition energies [158].
Another possible way to lower the decomposition temperature of a metal
hydride and further tune its thermodynamic and kinetic characteristics is the use of
additives that stabilize the dehydrogenated state, as indicated in Figure 2.5.
Stabilizing the dehydrogenated state reduces the enthalpy for dehydrogenation,
thereby increasing the equilibrium hydrogen pressure. Using this approach, the
thermodynamic properties of reversible hydrogen storage material systems can
potentially be tuned to an extent finer than would be possible with individual
materials.
The destabilizing additives are normally other hydrides, in order to maintain
high gravimetric capacity. For example, MgH2 has been used successfully by Vajo et
al. to modify the de/rehydrogenation thermodynamics of LiBH4 by forming MgB2
compound upon dehydrogenation [159]. The reaction of LiBH4 with MgH2 is
proposed as follows:
2LiBH4 + MgH2 → 2LiH + MgB2 + 4H2

(2.20)

The reaction enthalpy is 46 kJ/mol H2, which is much lower than for the
decomposition of pure LiBH4 (74 kJ/mol H2), due to the formation of MgB2 during
dehydrogenation. Also, the reaction is reversible under more moderate conditions,
where 8-10 wt % of hydrogen can be reversibly stored from an initial hydrogen
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pressure of 100 bar, from a temperature as low as 230-250 °C over 10 h in the
presence of 2-3 mol % TiCl3.

Figure 2.9 Enthalpy diagram for the destabilization of LiBH4 by MgH2 [160].
It was proposed that the formation of MgB2 compound, which is a more stable
reaction product than either Mg or B, reduces the overall enthalpy change of the
dehydrogenation and decreases the dehydrogenation temperature.

It was also

suggested that the reformation of borohydrides from boron-metal compounds is
easier than from boron, as the activation energy needed to break the B-M bond is
significantly lower than for the B–B bond. This concept is called “destabilization”, as
in “reactive hydride composites (RHCs)”, where two or more hydrides are combined
to react exothermally during desorption to form a new hydrogen-free stable
compound, thereby lowering the overall enthalpy of dehydrogenation and subsequent
rehydrogenation reactions.
By employing this strategy, a number of new hydrogen storage systems, such as
LiBH4-LiAlH4

[161-163],

LiBH4-CaH2

[164-166],

LiBH4-CeH2

[167,168],

Ca(BH4)2-LiBH4 [169,170], etc., have been proposed based on the interaction of the
different hydrides through alloy formation during dehydrogenation, which could alter
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the de/rehydrogenation thermodynamics of solo hydrides, suggesting a prospective
route for achieving progress with the solid state storage materials.
2.5.2 Promoting the kinetics
The kinetics of LiBH4 is another barrier to LiBH4 as practical hydrogen storage.
There are two approaches that have been extensively studied to reduce the reaction
barrier: (a) appropriate additives with catalytic abilities and (b) the nanoconfinement
approach.
Following the important work of Züttel et al. [143] on SiO2, which was used as
an additive to lower the dehydrogenation temperature of LiBH4 to 300 °C, a variety
of additives, such as carbon [171], transition metals [172-174], oxides [175,176], and
halides [178,179], have been screened, and some additives have been found to
improve the kinetics of LiBH4 effectively. For instance, the most effective additive
for LiBH4 was found to be a mixture of 0.2 MgCl2 + 0.1 TiCl3, in which
approximately 5 mass% of hydrogen was released from 333 K and 4.5 mass% of
hydrogen was rehydrogenated at 873 K in 7 MPa H2 [179]. More recently, it was
reported that the kinetics and thermodynamics can be improved by introducing TiF3
[180]. It was suggested that the Ti hydride formed in situ can effectively promote the
reversible dehydrogenation of LiBH4. By contrast, the F anion can actively
participate in the reversible dehydrogenation of LiBH4 as a substitutional anion for
the anionic H in both LiBH4 and LiH, resulting in favorable thermodynamic
modification. This finding may lay a new conceptual basis for the design and
synthesis of novel hydrogen storage materials with favorable kinetic and
thermodynamic properties.
As is discussed above, reducing the particle size of the metal hydride to the
nanometer range can result in enhanced kinetics, and in some cases, modified
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thermodynamics. A good approach for preserving the nanoscale dimensions through
hydriding/dehydriding cycles is to infiltrate the hydride materials into nanoporous
host materials, including nanoporous carbon, porous silicon, scaffolds, metal-organic
frameworks (MoFs), etc. It was first applied in the NH3BH3 system, and good
improvement was obtained: The dehydrogenation temperature was greatly decreased,
and the amount of borazine gas (an impurity) was significantly reduced [15].
Recently, this approach was introduced for LiBH4 [181-185]. By incorporation into
nanoporous carbon scaffolds with a 13-nm pore size, the dehydrogenation rates of
LiBH4 were found to be up to 50 times faster than those in bulk materials measured
at 573 K. In addition, the capacity loss over three cycles was reduced from 72% for
bulk LiBH4 to ~40% for nanoconfined LiBH4 [181]. Furthermore, a recent report
confirmed the synergetic effects of nanoconfinement and Ni addition on the
dehydrogenation

and

rehydrogenation

properties

of

LiBH4

[186].

The

nanoconfinement of a mixture of LiBH4 and Ni addition in a nanoporous carbon
scaffold showed a higher rehydrogenation rate and larger amount of rehydrogenation
than for samples without Ni addition at 593 K in a hydrogen pressure of 4 MPa.
These results suggest that the combination of nanoconfinement and additives would
be a valid way to improve the hydrogen storage properties of LiBH4 or other metal
hydrides.
2.5.3 NaBH4
NaBH4 also has a high hydrogen content of 10.6 wt % and is considered as a
prospective material for hydrogen storage. It is stable compared to other chemical
hydrides and easy to handle. However, the starting point of the decomposition of
NaBH4 is about 565 °C. The decomposition of NaBH4 proceeds as follows, without
mentioning the possible formation of the intermediate Na2B12H12 species [187-189]:
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NaBH4 → NaH + B + 3/2H2 → Na + B + 2H2

(2.21)

Based on dynamic pressure-composition-temperature (PCT) measurements, the
enthalpy of desorption is determined to be -108 ± 3 kJ mol-1 of H2 from the van’t
Hoff equation. This corresponds to a decomposition temperature, Tdec = 534 ± 10 °C.
Thus, the thermal decomposition of NaBH4 is irreversible and occurs in a
temperature range which is beyond what is suitable for practical applications of
hydrogen storage systems. The hydrolysis reaction is so far the most attractive
approach to utilize the high hydrogen capacity of NaBH4 [190,191]. However, the
DOE recently recommended a no-go for NaBH4 hydrolysis as a hydrogen source for
vehicular applications due to the formation of stable NaBO2 that can not be recycled
efficiently [193].
Recently, several metal hydrides, such as MgH2 [193-196], LiAlH4 [197], CaH2
[198], and Ca(BH4)2 [198], have been found to be effective in modifying the
de/rehydrogenation thermodynamics of NaBH4 by forming MgB2, AlB2, and CaB6
compounds upon dehydrogenation. It is suggested that the formation of metal-boron
compounds upon dehydrogenation, which stabilizes the dehydrogenated state of
boron, therefore destabilizes the NaBH4. The concept is similar to the early
approaches of Vajo et al. [160] in the study of LiBH4-MgH2 composite, where MgH2
was successfully used to destabilize LiBH4 by forming MgB2 upon dehydrogenation.
2.5.4 Other borohydrides
As discussed above, Nakamori et al. [153-154] found by first-principles
calculations that the dehydrogenation temperature of M(BH4)n decreases with an
increase in the value of the electronegativity of M. From this point of view, Ca(BH4)2
and Mg(BH4)2 may have superior dehydrogenation/rehydrogenation kinetics and
thermodynamics compared to LiBH4.
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Ca(BH4)2 has a high theoretical hydrogen capacity of 11.5 wt %, and is
considered as a prospective material for hydrogen storage. It can be prepared by
reacting calcium hydride or alkoxides with diborane or by reaction in THF [199-201].
It also can be obtained by ball milling of CaH2 and MgB2 and subsequent
hydrogenation at elevated temperatures [202]. Mechanochemical synthesis from a
mixture of CaCl2 and LiBH4/NaBH4 under an argon pressure of 0.1 MPa has also
been reported to produce calcium borohydride and chlorides as by-phases [203].
Recently, calcium borohydride was prepared under rather harsh conditions by
reacting ball-milled CaB6 and CaH2 at 70 MPa hydrogen pressure and heating to
400–440 °C [204].
According to reported experimental results, the following dehydrogenation path
of Ca(BH4)2 has been suggested [205-210]:
Ca(BH4)2 → CaH2 + intermediate compound → CaH2 + CaB6 + H2

(2.22)

Riktor et al. [209] identified the unknown intermediate compound to be CaB2Hx by
high-resolution synchrotron radiation powder X-ray diffraction and suggested that
the x most probably equals 2. However, Wang et al. [210] suggested the intermediate
compound to be CaB12H12 by experiment and first-principles calculations.
The current goal is improving the hydrogen sorption kinetic properties of
Ca(BH4)2 under practical temperature and pressure conditions. Kim et al. revealed
that almost negligible rehydrogenation of pure Ca(BH4)2 occurred after 24 h under
90 bar H2 and at 350 °C [207]. However, the formation of Ca(BH4)2 was shown to be
partially reversible by using suitable additives. More recently, some transition metal
(TM)-fluorides and chlorides (TiCl3, TiF3, NbF5, and MgF2) have been demonstrated
to positively affect its partial reversible formation [211-214]. Over 50% hydrogen
can be reversibly absorbed when 90 bar H2 pressure and 350 °C are applied for 24 h
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to the decomposition products of calcium borohydride catalyzed by TiCl3 or NbF5
[211,212].
With a hydrogen content of 14.8 wt.%, Mg(BH4)2 seems to be interesting for
hydrogen storage. Mg(BH4)2 can be prepared through the reaction of MgCl2 and
LiBH4 in ether solution, and following drying (145 °C) [215,216]. The evaluation of
several mechanochemical and wet chemical preparation methods showed that
solvent-free and pure α-Mg(BH4)2 can only be obtained by direct wet chemical
synthesis [217].
During

thermal

treatment,

α-Mg(BH4)2

first

undergoes

a

phase

transformation at about 190 °C before it further decomposes in several steps to
MgH2, Mg, and MgB2 [217]. The weight loss between 290 and 500 °C is 13 wt.% H2
with maximum release between 300 and 400 °C. The decomposition mechanism can
be described as follows:
Mg(BH4)2 → MgH2 + 2B + 3H2 11.1 wt:%

(2.22)

MgH2 + 2B → MgB2 + H2

(2.23)

4.2 wt%

For the first decomposition step, the formation of [B12H12]2- anion as a possible
intermediate phase is discussed, as has been theoretically predicted and later
experimentally confirmed [218-224]. The apparent enthalpy and entropy for the
conversion of Mg(BH4)2 to MgH2 were estimated from PCT measurements to be 39
kJ mol−1 H2 and 91 J K−1 mol−1 H2, respectively [218]. However, different enthalpy
values in the range of 40 to 57 kJ mol-1H2 for the first decomposition step were also
reported from experimental data [224]. These differences might originate from
differences in the measurement conditions.
The decomposition temperature of Mg(BH4)2 can be decreased by ~100 °C in
the presence of Ti based catalysts [225]. However, the conditions for
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rehydrogenation are rigorous. It was reported that approximately 6.1 mass% of
hydrogen is rehydrogenated through the formation of MgB12H12 at 543 K and a
hydrogen pressure of 40 MPa for 48 h. [218,221]. It was also shown that the
formation of Mg(BH4)2 is more thermodynamically favorable than that of MgB12H12
from the dehydrogenated products (MgH2 and boron) at 573 K. This may be due to
the fact that the barrier against breaking of the B–B bonds and migration of the B
atoms is probably too high to overcome under the present rehydrogenation conditions,
which makes the formation of Mg(BH4)2 require higher temperature and pressure to
overcome the aforementioned barriers [221]. In addition, Mg(BH4)2 can be prepared
by hydrogenation of MgB2 at 673 K under a hydrogen pressure of 90 MPa within a
few days [226,227]. More recently, Mg(BH4)2 was found to be formed by
hydrogenation of Mg(B3H8)2 at 523 K under a hydrogen pressure of 12 MPa [228].
In addition, there are several other M(BH4)n hydrides (e.g. M = Zn, Al, Mn, Y,
and Zr) [229-235]. However, most of these were found to be irreversible due to their
low melting temperatures and the release of diborane with hydrogen.
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3

CHAPTER 3 EXPERIMENTAL

3. 1 Materials
The materials and chemicals used in this thesis are summarized in Table 3.1.
The details of the suppliers are provided as well.
Table 3.1 Chemicals and materials used in this thesis.
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3. 2 Handling of Materials
Because of the air and moisture sensitivity of the hydrides, all the materials
were handled using an argon filled glove box (MBraun Unilab), where both of the
water and oxygen were maintained below 1 ppm.
3. 3 Experimental Procedures
The overall experiments during the course of this research normally consisted
of two parts: the first part is synthesis of materials, while the second part is
measuring the hydrogen storage properties of these materials. Meanwhile, the asprepared

materials

were

also

physically

characterized

before

and

after
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dehydriding/hydriding cycles. The overall experimental procedures are shown in
Figure 3.1.

Figure 3.1 The overall procedure of the experiments.
3. 4 Materials synthesis
The materials investigated in this thesis were synthesized via ball milling,
which is suitable for aspects of sample preparation such as mixing, fine grinding, and
mechanical alloying. The ball milling was conducted in a QM-3SP2 planetary ball
mill purchased from Nanjing University Instrument Plant, in which four rotating jars
are installed on a revolving disk (Fig. 3.2(a)). The grinding jar and balls were made
from stainless steel (Fig. 3.2(b)), and two or four samples can be ground
simultaneously. The motion of the shell and jars is shown in the schematic diagram
in Fig. 3.2(c). When the turn-plate rotates, the grinding jars are arranged in such a
way that each moves around its own axis and, in the opposite direction, around the
common axis of the sun wheel. The grinding balls describe a semi-circular
movement, separate from the inside wall and collide with the opposite surface at high
impact energy (Fig. 3.2(d)).
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Figure 3.2 QM3SP2 planetary ball mill (a), grinding jars and balls (b) and (c), and a
schematic diagram of the action of the planetary ball mill (d).
3. 5 Physical and Structural Characterization

3.5.1 X-ray diffraction
Powder X-ray diffractometry was the predominant method used for the
qualitative analysis of the prepared samples before and after hydriding/dehydriding
tests. X-ray diffraction (XRD) patterns for the samples studied in Chapters 6 and 7
were obtained using a Rigaku D/max 2200PC using Cu Kα radiation, while the
powder XRD patterns of the samples studied in Chapters 4, 5, 8, and 9 were obtained
by a GBC-MMA X-ray diffractometer. Samples were mounted onto a 1-mm depth
glass board in an Ar-filled glovebox and sealed with an amorphous tape in order to
avoid oxidation during the XRD measurements. Identification of the phases was by
matching with those in the database maintained by the International Centre for
Diffraction Data using the software program MDI Jade (Materials Data, Inc.).
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3.5.2 Fourier Transform Infrared (FT-IR) Spectroscopy
Infrared absorption spectroscopy is a widely used technique that can help
determine the types of chemical groups within a compound. In this work, a Shimadzu
Prestige 21 FT-IR Spectrometer was used to obtain IR Spectra, which were measured
within a multiple internal reflection (MIR) scan range of 500-4000 cm−1, and the
number of scans was typically 40, with a resolution of 4 cm-1. IR spectroscopy
samples were obtained through grinding with KBr powder and pressing the mixture
into a sample cup.
3.5.3 X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a quantitative technique that
measures the elemental composition, empirical formula, chemical state and
electronic state of the elements that exist within a material. In this work, XPS
measurement was conducted using a SPECS PHOIBOS 100 Analyser installed in a
high-vacuum chamber with the base pressure below 10-8 mbar; X-ray excitation was
provided by Al Kα radiation with photon energy hυ = 1486.6 eV at the high voltage
of 12 kV and power of 120 W. The XPS binding energy spectra were recorded at the
pass energy of 20 eV in the fixed analyser transmission mode, and the XPS spectra
of the doped samples were collected after bombardment of the sample using an Ar
ion source with ion energy of 5 keV. Analysis of the XPS data was carried out using
the commercial CasaXPS 2.3.15 software package.
3.5.4 Scanning Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM), and Energy-Dispersive X-ray (EDX) Spectroscopy
In Chapter 5, the Ru/C catalysts and the LiBH4-MgH2-0.1NbF5 samples were
characterized by using scanning electron microscopy (SEM, JEOL JSM-6460A)
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equipped with an energy dispersive spectrometer (EDS). Transmission electron
microscopy (TEM) was performed using a JEOL JEM 2011.
3. 6 Hydrogen storage properties measurement

3.6.1 Hydrogen Content
The hydrogen desorption/absorption properties of all the samples were
measured in a Sieverts apparatus, which is normally employed to measure hydrogen
storage because it has the advantages of being simple, robust, and cheap, and it yields
universally accepted accuracy when used with reasonable care. The Sieverts
apparatus used during this course of research was the Gas Reaction Controller (GRC)
from Advanced Materials Corporation of the USA (Fig 3.4(a)).
The Gas Reaction Controller performs quantitative analysis of the gas-solid
reaction. It admits a controlled amount of gas into the reaction chamber that holds a
specimen and monitors the pressure of the gas while the temperature of the chamber
is held constant or slowly changed. The amount of gas absorbed by the specimen is
determined by calculating the amount of the remaining gas (Fig 3.4(b)).
The host computer is an integral part of the GRC system. Its data acquisition
board reads all the analog and digital data from the main unit. The GrcLVLabVIEW-based control program software package that is provided not only
performs fully automatic operation of the GRC system, but also provides structured
data management.
Operation in four modes, including temperature-programmed desorption
(TPD), isothermal hydrogen desorption, isothermal hydrogen absorption, and
pressure-composition isotherm (PCI), was conducted to evaluate the hydrogen
storage performance of the materials. The desired pressure, temperature, and other
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conditions may be different for different samples, which are mentioned in the
“experimental details” of each chapter.

(a)

(b)
Figure 3.4 (a) GRC instrument; (b) schematic diagram showing the working
principles of the Sieverts apparatus for determining hydrogen uptake/release.
3.6.2 Thermogravimetry and differential scanning calorimeter
Thermogravimetric analysis (TGA) was used to determine the changes of
weight throughout the course of these reactions in relation to the change of
temperature, while differential scanning calorimetry (DSC) is an analytical technique
used to determine the work done on a given sample to initiate phase changes and
decomposition. In this work, TG/DSC analysis of the dehydrogenation process was
carried out on a Mettler Toledo TGA/DSC 1. About 6 mg of sample was loaded into
an alumina crucible in the glove box. The crucible was then placed in a sealed glass
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bottle in order to prevent oxidation during transportation from the glove box to the
DSC apparatus. An empty alumina crucible was used as the reference material. The
samples were heated from room temperature to the desired temperature (e.g. 500 °C)
at a specific heating rate (e.g. 10 °C /min) under 1 atm flowing argon atmosphere.
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4

CHAPTER 4 MODIFIED SODIUM BOROHYDRIDES FOR
REVERSIBLE HYDROGEN STORAGE

4. 1 Introduction
As described in Chapter 2, NaBH4 has a high hydrogen content of 10.6 wt %
and is considered as a prospective material for on-board hydrogen storage. The
complete dehydrogenation reaction of NaBH4 can be simplified as follows without
mentioning the possible formation of the intermediate NaH and Na2B12H12 species
[1-5].
NaBH4

→

Na + B + 2H2 10.6 wt. % H2

(4.1)

The decomposition temperature of this reaction at 1 bar of H2 is above 500 °C,
which is thermodynamically too stable for the de/rehydrogenation cycles to proceed
at practical pressures and temperature.
A possible way to lower the decomposition temperature and promote the
dehydrogenation kinetics of NaBH4 is doping with an effective catalyst. It is well
known that transition metal based compounds show catalytic activity in metal or
complex hydrides. For example, Ti based catalysts were the first group discovered as
effective dopants for catalysing NaAlH4 to enable much lower hydrogen release
temperatures, as well as imparting previously unattainable reversibility [6]. In
particular, titanium compounds have been shown to be active in promoting the
de/rehydrogen of borohydrides such as LiBH4 under moderate conditions [7].
Furthermore, the H-/F- substitution in NaAlH4 [8,9] or LiBH4 [10,11] has been shown
to positively tune the thermodynamics because the two anions are isostructural.
However, a comprehensive study of the sorption and structural properties of NaBH4
with additives especially Ti based compounds has not been presented so far.
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Another possible way to lower the decomposition temperature of NaBH4 and
further tune its thermodynamic and kinetic characteristics is the use of selected
additives. These additives are usually mixed with the hydrides by high-energy
milling. The additives are normally other hydrides, in order to maintain high
gravimetric capacity. For example, MgH2 has been used successfully by Mao et al.
[12] and Garroni et al. [13] respectively, to modify the de/rehydrogenation
thermodynamics of NaBH4 by forming MgB2 compound upon dehydrogenation. The
concept is similar to the early approaches of Vajo et al. [14] and Barkhordarian et al.
[15] in the study of LiBH4-MgH2 composite. It is proposed that the formation of
MgB2 compound, which is a more stable reaction product than either Mg or B,
reduces the overall enthalpy change of the dehydrogenation and decreases the
dehydrogenation temperature.

It was also suggested that the reformation of

borohydrides from boron-metal compounds is easier than from boron, as the
activation energy needed to break the B-M bond is significantly lower than for the
B–B bond. This concept is called “destabilization” as in “reactive hydride composite
(RHC)”, where two or more hydrides are combined to react exothermally during
desorption to form a new hydrogen-free stable compound, thereby lowering the
overall enthalpy of dehydrogenation and subsequent rehydrogenation reactions. In
this regard, other boride compounds in addition to MgB2, such as AlB2 and CaB6,
could possibly be used in reversibly hydrogenating NaBH4.
In this work, the effect of titanium containing additives on the hydrogen
de/absorption properties of NaBH4 has been investigated. On the other hand, by
employing the strategy of “destabilization”, the dehydrogenation/rehydrogenation of
NaBH4 would also be modified by combining it with MgH2, LiAlH4, CaH2, and
Ca(BH4)2, leading to the formation of MgB2, AlB2, and CaB6, respectively, upon
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dehydrogenation. Furthermore, catalytic doping using TiF3 and NbF5 will also
discussed.
4. 2 Hydrogen de/absorption improvement of NaBH4 catalysed by titanium
based additives

4.2.1 Preparation
A QM-3SP2 planetary ball mill was employed to prepare the pristine NaBH4,
NaBH4-0.05TiF3, NaBH4-0.05TiH2, NaBH4-0.05Ti, 3NaBH4-TiF3, NaH-B, NaH-B0.05TiF3, NaH-B-0.05TiH2, and NaH-B-0.05Ti samples (all in molar ratio) under an
argon atmosphere at 400 rpm. Each time, about 1 g of sample was prepared with 2 h
of ball-milling, with a ball-to-powder ratio of around 30:1.
4.2.2 Dehydrogenation performance of NaBH4 with Ti based additives
The influence of the addition of titanium based catalysts on the isothermal
hydrogen desorption behaviour of the NaBH4 at 440 °C was qualitatively evaluated,
as shown in Figure 4.1. It is apparent that the hydrogen desorption properties of
NaBH4 is slightly promoted by doping Ti or TiH2, but significantly improved by the
addition of TiF3. As shown in the figure, the ball-milled NaBH4 sample only
desorbed about 1.5 and 2.0 wt % hydrogen within 400 and 800 min, respectively. For
the NaBH4-0.05Ti sample, a hydrogen desorption capacity of 1.65 wt % was reached
within 400 min. Furthermore, the sample can desorb 2.3 wt % hydrogen after a
prolonged 800 min desorption. The NaBH4-0.05 TiH2 sample showed a similar initial
rate to the NaBH4-0.05Ti sample, but ultimately showed a higher desorbed capacity,
desorbing 1.85 wt % hydrogen within 400 min and 2.5 wt % hydrogen after 800 min.
However, for the NaBH4-0.05TiF3 sample, a higher hydrogen desorption capacity of
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3.2 and 3.95 wt % was reached within 400 and 800 min, respectively, which are 1.7
and 1.95 wt % higher, respectively, than that of the pristine NaBH4 sample.

Figure 4.1 Isothermal dehydrogenation profiles of NaBH4 with and without different
titanium catalysts after ball milling in argon atmosphere for 2 h at 440 °C.
Although the isothermal dehydrogenation studies are normally used to judge
material performance characteristics such as storage capacity and kinetics at the
desired temperature, TPD data provide an overall picture of the dehydrogenation
process in a wide temperature range. Figure 4.2 compares the TPD profiles of the
pristine NaBH4 and those with 5 mol% titanium-based catalysts. Evidently, the
addition of titanium based catalysts enhances the hydrogen desorption rate, and
increases the weight of hydrogen released of the NaBH4, among which the best one
was obtained in the TiF3 doped sample, where a reduction in hydrogen desorption
temperature was also observed. For example, the hydrogen release started at around
490 °C, and the weight loss was only 1.0 wt % after heating to 500 °C in the case of
the pristine NaBH4 sample. In contrast, the hydrogen released for the Ti, TiH2, and
TiF3 doped NaBH4 samples was increased to 1.79, 3.47 and 6.15 wt %, respectively,
after heating to 500 °C. Interestingly, an apparent two-step dehydrogenation was
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observed in case of NaBH4-0.05TiF3. The first step dehydrogenation started at
around 300 °C and completed at 360 °C, which may correspond to the reaction
between the host NaBH4 and the TiF3 additive. A detailed analysis of the reaction
mechanism between NaBH4 and the TiF3 additives will be given in the following
sections. Meanwhile, the onset temperature for the second dehydrogenation step of
the NaBH4-0.05TiF3 sample is round 380 °C, which is about 110 °C lower than for
the dehydrogenation of pure NaBH4, indicating significant improvement in the
dehydrogenation temperature. After 18 min at 500 °C, the dehydrogenation of the
NaBH4-0.05TiF3 sample is saturated, with 8.4 wt % hydrogen released compared to
7.1, 6.0 and 4.0 wt % for the TiH2-doped, Ti-doped, and pristine NaBH4 samples,
respectively. In contrast, the dehydrogenation for the Ti or TiH2 doped NaBH4
sample is saturated after 57 min at 500 °C. However, the hydrogen desorption
process for pure NaBH4 is still proceeding even after 107 min at 500 °C.

Figure 4.2 Temperature programmed desorption (TPD) profiles of NaBH4 with and
without different titanium catalysts. The heating rate was 5 °C/min.
Combined the TPD and isothermal dehydrogenation results, it is clearly
shown that the TiF3 shows superior catalytic effect to either TiH2 or Ti towards the
dehydrogenation of NaBH4. The observed enhancement of the decomposition of
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NaBH4 is most likely induced by the catalytically active species that was in situ
formed in the mechanical milling and/or heating processes. To understand the role of
TiF3, structural change of the NaBH4-0.05TiF3 sample after ball milling (BM) and of
the milled sample after dehydrogenation (De) at 500 °C (Fig. 4.2) was investigated
by means of XRD and FTIR. As seen in Figure 4.3(a), the XRD pattern of the post
milled NaBH4-0.05TiF3 sample shows the present of TiF3 and NaBH4, and no other
phases can be found, so that the sample shows the characteristics of a physical
mixture of TiF3 and NaBH4 after 2 h of ball milling. However, after dehydrogenation
to 500 °C, the TiF3 and NaBH4 peaks disappeared, and new compounds,
corresponding to Na, and NaF were observed. The observation of metallic Na is
attributed to the decomposition of NaBH4. The absence of elemental boron from the
dehydrogenation of TiF3 catalyzed NaBH4 can be understood from the fact that the
boron phase in the dehydrogenated products of borohydrides is usually amorphous
and therefore is hard to be identified by the XRD measurement. The formation of
NaF indicates that the reaction of NaBH4 and TiF3 should take place during the
dehydrogenation process, although no Ti-containing species could be detected in the
dehydrogenation state.
The possible reactions during ball milling and dehydrogenation were further
investigated by FTIR examination, as shown in Fig. 4.3(b). The results reveals the
signatures of [BH4]- bending at 1120 cm-1 and [BH4]- stretching at 2218, 2289, and
2379 cm-1 in the spectra of the as-milled sample, which are located in the typical B–
H vibration range of borohydride and are expected come from NaBH4. However,
vibration of the B–H bonds from [BH4]- group disappeared after dehydrogenation,
indicating the complete decomposition of NaBH4. In addition, a new weak signal
around 2473 cm-1 was also observed in the dehydrogenation state. The IR peak
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occurring at round 2500 cm-1 has also been seen by Muetterties et al. [16] when they
studied the decomposition products of pure LiBH4. Recent theoretical and
experimental investigations revealed that the discharge of hydrogen from M(BH4)n,
where M is metal, during the desorption process follows a multi-step reaction, with
M2/nB12H12 as an intermediate species [3-5, 17-21]. Therefore, this IR activity may
possibly be due to the trace amounts of Na2B12H12, which is a very stable compound
according to the first principal calculation [3], although there was no direct
observation of Na2B12H12 formation in the XRD measurements due to the possible
amorphous state.

Figure 4.3 XRD patterns (a) and FTIR spectra (b) of the NaBH4-0.05TiF3 sample
after 2 h ball milling (BM sample) and the milled sample after dehydrogenation at
500 °C (De sample).

4.2.3 The reaction mechanism of NaBH4 with TiF3
For in-depth investigations on the reaction mechanism of TiF3 and NaBH4
and eliminating the possibility that the amount of TiF3 addition was too low to
generate any detectable diffraction intensity from the existing states of Ti in the TiF3doped sample, a larger amount of TiF3 with mole ratio of 1:3 to NaBH4 was prepared
and examined. Figure 4.4 presents the TPD profiles of the 3NaBH4-TiF3 composite
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after 2 h of ball milling. The curve shows that the dehydrogenation starts from about
250 °C and ends at 330 °C. The dehydrogenation results are quite similar with the
TPD results on NaBH4-0.05TiF3 (Fig. 4.2), where that sample also displays its first
dehydrogenation at around 300 °C, indicating that the first dehydrogenation in
NaBH4-0.05TiF3 is mainly due to the reaction of TiF3 with NaBH4. The XRD
patterns for the ball milled 3NaBH4–TiF3 sample, before and after dehydrogenation,
are shown in the inset of Figure 4.4. Clearly, only NaBH4 and TiF3 were found in the
as-milled sample, implying that the ball milling creates a physical mixture. After
dehydrogenation, the NaBH4 and TiF3 peaks disappeared, and the new phase NaF
was observed, but still no phases related to B or Ti can be identified, which is
probably due to the presence of such species in a highly dispersed, nanocrystalline
and/or amorphous form.

Figure 4.4 TPD profiles of 3NaBH4-TiF3 sample. The heating rate was 5 °C/min.
The inset shows the XRD patterns of this 3NaBH4-TiF3 sample after 2 h ball milling
(BM sample) and the ball milled sample after dehydrogenation at 500 °C (De
sample).
It is known that XPS is a sensitive technique used for the determination of
elemental and chemical composition of the surface of the investigated samples.
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Therefore, XPS measurements were carried out for identification of the states of the
elements Ti and B present in the dehydrogenated TiF3 added samples.

Figure 4.5 B1s and Ti2p XPS spectrum of the NaBH4-0.05TiF3 and 3NaBH4-TiF3
samples after heating to 500 °C, respectively.
Figure 4.5 shows the B1s and Ti2p photoemission peaks in the
dehydrogenated

NaBH4–0.05TiF3

and

3NaBH4–TiF3

samples.

For

the

dehydrogenated NaBH4–0.05TiF3 sample, the B1s peak shows two different
chemical states. The binding energies at 187.3 and 190.8 eV are quite similar to the
binding energies of TiB2 and BxOy (1.5< x/y <3), respectively, according to the
literature [7,22]. Peak fitting reveals that the Ti 2p spectrum can be resolved into two
sets of 2p3/2–2p1/2 spin–orbit doublets at 453.8 and 460.0 eV, and 457.5 and 462.8
eV. The higher binding energy contribution (457.5 eV) is characteristic of TiOx
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whereas the second one (453.8 eV) can be attributed to TiB2 according to the
literature [7,22,23]. The appearance of reduced oxides (BxOy, TiOx) may be due to
oxidation in air when the sample was taken out from the glove box and loaded to the
XPS facility and the preferential sputtering of oxygen during the XPS measurement.
Similar results (XPS shape and position) can be obtained for the dehydrogenated
3NaBH4–TiF3 sample, in which the B1s binding energies are 186.9 eV and 191.4 eV,
Ti2p2/3 binding energies are 453.7 eV and 457.6 eV, and Ti2p1/2 binding energies
are 459.9 eV and 463.4 eV. The results indicate that TiB2 was formed during the
reaction of TiF3 with NaBH4. A similar result has been reported for the LiBH4-TiF3
system, where TiB2 compound was formed upon dehydrogenation [7].
On the other hand, the reaction pathway of NaBH4 and TiF3 can be estimated
from thermodynamics, e.g., the Gibbs free energies. TiF3 can react with NaBH4,
yielding titanium, titanium hydride, and titanium boride, respectively, according to
following reaction equations [24].
3NaBH4 + TiF3 = 3NaF + Ti + 3B + 6H2(g)

∆G = 96.181 kJ/mol

(4.2)

3NaBH4 + TiF3 = 3NaF + TiH2 + 3B + 5H2(g)

∆G = -12.2 kJ/mol

(4.3)

3NaBH4 + TiF3 = 3NaF + TiB2 + B + 6H2(g)

∆G = -179.5 kJ/mol

(4.4)

From the viewpoint of thermodynamics, it can be seen that the formation of
TiB2 is favorable. Based on the XPS results and thermodynamic analysis, it can be
concluded that TiF3 will react with NaBH4 during heating process. Therefore, a
simple mechanism can be proposed to explain the enhancement of the
dehydrogenation of NaBH4-0.05TiF3. During the heating process, TiF3 would first
react with NaBH4 as shown in reaction (4.4). As a result, TiB2 were formed. During
the subsequent heating, it acted as catalysts to promote the dehydrogenation of the
remaining NaBH4.
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4.2.4 Rehydrogenation performance of NaH+B mixture with Ti based additives
It is well known that the reversible dehydrogenation reactions of NaBH4
based materials proceed in a liquid-phase environment provided by the molten Na,
which probably affect the reversible performance [4,25]. In order to avoid the effect
of molten Na, the NaH+B samples with or without titanium-based catalyst were
prepared through ball milling, and the hydrogenation properties of these samples was
examined further.

Figure 4.6 XRD patterns (a) and FTIR spectra (b) of the NaH-B (i), NaH-B-0.05TiF3
(ii), NaH-B-0.05TiH2 (iii) and NaH-B-0.05Ti (iv) samples after 2 h of ball milling.
Fig. 4.6a shows XRD patterns of the NaH-B samples with and without
catalyst doping after 2 h ball milled. Clearly, in addition to NaH phase, NaOH phase
was also observed in all the the post-milled samples, which may originate from the
oxidation of NaH. The absence of boron is attributed to the amorphous state. In
addition, Ti and TiH2 were also observed in the Ti and TiH2 doped samples,
respectively, indicating a physical mixture during ball milling. However, no Ti or F
containing phases can be identified in the case of NaH-B-0.05TiF3, which may due to
the low concentration of TiF3. Further FTIR examinations show that the signature
Na–H vibration of NaH at 8822 cm-1 is observed in all the samples (Fig. 4.6b),
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indicating the existence of NaH in the post-milled samples. The peak at 1425 cm-1
belongs to the O-H bond, which is probably due to the presence of NaOH or air and
moisture contamination during the measurement [26].

Figure 4.7 Hydrogenation (a) and dehydrogenation (b) profiles of the NaH-B
mixture with and without different titanium catalysts
The reversibility of these ball-milled samples were investigated under ~5.5
MPa of H2 at 500 °C. Figure 4.7(a) displays the evolution of composition and
temperature versus time during the first rehydrogenation cycle of the four samples.
The set temperature, ~500 °C, is reached in 40 min, and the total rehydrogenation is
performed within around 10 hrs. All samples were found to be partially reversible
under these relatively moderate conditions. It also can be seen that all the samples
started to absorb hydrogen after heating to about 450 °C. For the bare NaH+B
sample, the hydrogen absorbed was only 0.58 wt % after heating to ~500 °C, which
is lower than that of NaH-B-0.05Ti (0.86 wt %), NaH-B-0.05TiH2 (0.77 wt %),or
NaH-B-0.05TiF3 (0.93 wt %). After 10 h at 500 °C, the hydrogenation for the bare
NaH+B is continued, and a total of 1.88 wt % hydrogen could be absorbed. In
contrast, the hydrogen absorbed was increased to 3.0, 3.1, and 4.0 wt % for the Ti,
TiH2, and TiF3 doped NaH-B sample, respectively. Clearly, the rehydrogenation of
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NaH-B is improved by doping titanium based catalysts and the best one is obtained
from the TiF3 doping.
The aforementioned rehydrogenation results are confirmed by the TPD curves.
The TPD curves for the first dehydrogenation cycle of the pristine and titanium based
catalysts doped samples are shown in Figure 4.7(b). The first reversible hydrogen
capacity was 3.7 wt % in the un-doped sample. However, the Ti or TiH2-doped
samples can be rehydrogenated to 4.2 wt % in the first cycle, indicating that the
reversibility was slightly enhanced. Furthermore, the reversible hydrogen capacity
for the TiF3-doped samples was increased to 5.1 wt %, which is little larger than that
of NaH-B-0.05Ti or NaH-B-0.05TiH2 sample, but much larger than that of pristine
sample. These results are in good agreement with the rehydrogenation measurements
shown in Figure 4.7(a) and further confirm the effects of TiF3 on the rehydrogenation
properties of the pristine sample. It is also worth noting that the value of TPD
measurement is larger than the rehydrogenaion value for the hydrogenation samples,
which is due to the reversibility for all the sample is not completely, and therefore in
addition to the rehydrogenated NaBH4, there is still some NaH, which will release
hydrogen during TPD measurement.
The rehydrogenated sample was then subjected to XRD and FTIR examination
(Fig. 4.8). From Fig. 4.8a, in the XRD patterns of the rehydrogenation products of
the pristine and titanium based additives doped NaH+B mixture, peaks
corresponding to NaBH4 can be clearly observed although the intensity is not strong.
Moreover, the NaH phase was still observed in the case of pristine, Ti, and TiH2
doped samples, but disappeared in the case of TiF3 doped sample. In contrast, the
new peaks at the 2θ of 38. 4 and 55.3° corresponds to the (200) and (220) peaks of
NaF but shows larger lattice parameter, which hints at the formation of NaF1-xHx, a
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reaction product of NaH and TiF3, and can explain the absence of any NaH
reflections. A similar phenomenon has been reported via mechanically milling NaH
with TiF3 [27]. In addition to NaF or NaF1-xHx, NaH may react with TiF3 to form
TiH2 according to 6NaH + 2TiF3 = 6NaF + 2TiH2 + H2 (∆G = -607 kJ/mol) or
forming Ti according to 3NaH + TiF3 = 3NaF + Ti + 1.5H2 (-∆G = -195 kJ/mol) [24].
From the thermodynamic view of point, the former is favourable. However, no Ti
containing species can be identified in the case of TiF3 or TiH2 doped samples. In
contrast, the formation of TiH2 was observed in the case of Ti doped sample, which
is due to the hydrogenation of Ti. The results indicate that TiH2 may play a role in
the hydrogenation of NaH+B samples with Ti based additives doping. However,
TiH2 may interact with NaBH4 to form TiB2 when the system is dehydrogenated
according to the report of Ti based additives on the de/rehydrogenation of
LiH+MgB2 mixture [28]. In addition, several unidentified peaks were observed in the
pristine and Ti based additive doped samples. They are probably attributable to the
formation of B-O species, since a small amount of oxygen impurity (NaOH) is
present in the starting material. For example, a bimetallic borohydride borate,
LiCa3(BH4)(BO3)2, was discovered during decomposition of LiBH4-Ca(BH4)2-carbon
composite if a small amount of oxygen impurity were present in the starting material
or introduced during sample preparation [29]. The change in the structure during
rehydrogenation is further investigated by FTIR examinations as shown in Fig. 4.8b.
It clearly revealed the signatures of [BH4]- bending at 1121 cm-1 and [BH4]stretching at 2218, 2291, and 2392 cm-1 in the spectra of all the rehydrogenated
samples, indicating the recombination of NaBH4. Meanwhile, the vibration of Na-H
bond was also observed, indicating the partially reversibility of NaBH4, agreeing
well with the XRD results (Fig. 4.8a). In addition, a new transmittance emerges at
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around 2471 cm-1, which agrees well with the B–H vibration of [B12H12]2- [16],
which may play a role in the partial reversibility observed in the NaBH4 with and
without catalyst doping.

Figure 4.8 XRD patterns (a) and FTIR spectra (b) for the NaH-B (i), NaH-B0.05TiF3 (ii), NaH-B-0.05TiH2 (iii) and NaH-B-0.05Ti (iv) samples after
rehydrogenation.

4.2.5 Discussion
It has been shown that the hydrogen storage performance of NaBH4 was
improved by introducing small amounts of Ti based additives, including Ti, TiH2,
and TiF3, among which the best performance was obtained in the case of doping with
TiF3. It is also proposed that both Ti3+ cations and F- anions play important roles in
the dehydrogenation process of the TiF3-doped NaBH4. In-depth investigations on
the interaction of NaBH4 with TiF3 revealed that NaBH4 was successfully
destabilized by adding TiF3. For example, the 3NaBH4-TiF3 sample can complete its
dehydrogenation below 330 °C. However, the results shown above do not support the
formation of Ti(BH4)3 during ball milling or the heating process. Therefore, the low
dehydrogenation temperature is possibly due to the direct reaction of NaBH4 and
TiF3 during the heating process. Thus in the case of NaBH4-0.05TiF3, the TiF3 will
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first react with NaBH4 to form the active species TiB2 and NaF, which play an
important role in promoting the dehydrogenation of the un-reacted NaBH4. The
catalyst particles formed in-situ are usually nanosized and finely distributed in the
hydride matrix, as shown for catalyst doped LiBH4 by Pinkerton et al. [30], resulting
in good catalytic effects. Furthermore, due to the identical crystallographic structures
of NaF and NaH [9], the in-situ formed NaF can work as a source of nucleation
centers for the formation of NaH or Na, which promotes nucleation and growth upon
dehydrogenation, and therefore accelerates the decomposition of NaBH4.
It has also been shown that Ti based additives Ti, TiH2, and TiF3 were all
effectively to improve the hydrogen absorption behaviours of NaH+B mixture,
among which the best performance was still obtained in the case of doping with TiF3.
The additive Ti in NaH+B will absorb hydrogen to generate TiH2 during the
hydrogenation process, which can be regarded as an effective additive in the system.
For the TiF3 doped NaH+B mixture, it was indicated that the F anion can substitute
for anionic H in NaH to form NaF1-xHx during the hydrogenation process. Therefore,
the observed promotion effect of TiF3 on the reversible dehydrogenation of NaBH4
should be understood as arising from the combined effects of active Ti and F
containing species. They work together in the formation of TiH2, and the substitution
of the functional F anion F- for H-. All these complex factors working together
resulted in the improvement of the hydrogen storage performance of NaBH4.
However, TiH2 may interact with NaBH4 to form TiB2 when the system is
dehydrogenated.

In this regard, TiB2 will be the active Ti specie during the

dehydrogenation/rehydrogenation cycling of TiF3 doped NaBH4 or NaH+B samples.
In addition, the presence of amorphous Na2B12H12 intermediate in the
dehydrogenated states of TiF3 doped NaBH4 was confirmed by FTIR, which leads to
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a dehydrogenation capacity of NaBH4 that is lower than the theoretical value (Fig. 2).
Actually, the intermediate compound amorphous Na2[B12H12] has been detected in
the desorbed states of nanoconfined NaBH4 and NaBH4-MgH2 composite [4,5].
However, the role of B12H12 could not be explained completely. O. Friedrichs et al.
have proposed that the Li2B12H12 formation in the desorption of LiBH4 can be
explained as a result of the reaction of diborane and LiBH4 [31]. This may also
explain the formation of [B12H12]2 species upon dehydrogenation in other
borohydrides, since diborane may be released in the decomposition of borohydrides
at high temperature (> 400 °C). Furthermore, in our case, the presence of Na2B12H12
was also observed in the rehydrogenated states of pure and Ti-doped NaH+B mixture,
which may be one of the reasons for the only partial reversibility observed in the
NaBH4 with and without catalyst doping. Caputo et al. recently have calculated that
Na2B12H12 is very stable and therefore is not easily rehydrogenated to NaBH4 under
moderate conditions [3]. On the other hand, the general chemical inertness of boron
and the phase separation will also lead to poor recombination kinetics.
4. 3 Hydrogen storage performances of the NaBH4-MgH2 system

4.3.1 Preparation
A NaBH4/MgH2 mixture with a molar ratio of 2:1 was ball milled in an argon
atmosphere for 1 h. For comparison, pure NaBH4 and MgH2 were also examined. In
addition samples of the NaBH4/MgH2 mixture with various catalysts (5 wt. %
addition) were ball milled under the same conditions. The ball milling was
undertaken in a planetary QM-1SP2 ball mill. The milling parameters were kept
constant for all trials, and the ball-to-powder weight ratio was 30:1 at 580 rpm using
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stainless steel balls 10 mm in diameter. All samples were handled in an Ar-filled
glove box.
4.3.2 Dehydrogenation performance and mechanism of 2NaBH4-MgH2 composite
Figure 4.9 shows the dehydrogenation curves as a function of temperature for
1h ball-milled MgH2, NaBH4 and the NaBH4/MgH2 (molar ratio 2:1) mixture.
Clearly, the NaBH4/MgH2 system shows a two-step hydrogen release. The first step
started at 357 °C. Further heating led to a second decomposition at 450 °C. The
increased dehydrogenation temperature compared with pure MgH2, in which the
onset hydrogen desorption temperature is about 300 °C for the first step suggests that
NaBH4 degrades the decomposition of MgH2. However, compared with pure NaBH4,
the dehydrogenation temperature for the second step was reduced about 40 °C. After
heating to 600 °C, the total desorption capacity from the NaBH4/MgH2 mixture was
about 9.17 wt%, which is higher than for either MgH2 or NaBH4 alone at the same
temperature.

Figure 4.9 Temperature-programmed desorption curves for (a) NaBH4/MgH2 (mole
ratio, 2:1), (b) MgH2, and (c) NaBH4 after ball milling for 1 h in argon in all cases.
The heating ramp for all the samples are 1 °C/min.

92

The two-step decomposition for the NaBH4/MgH2 system indicates that the
MgH2 and NaBH4 may be decomposed separately. To understand the reaction
mechanism, XRD investigations of the ball-milled NaBH4/MgH2 before and after
heating to 380 °C and 600 °C were carried out, as shown in Figure 4.10. The XRD
patterns of the as-prepared sample corresponds to NaBH4 and MgH2. After heating to
380 °C, peaks of NaBH4 and Mg metal were observed, suggesting that only MgH2
decomposed during the first dehydrogenation step. MgB2 and NaH were formed after
further heating to 600 °C.

Figure 4.10 X-ray diffraction patterns of NaBH4/MgH2 (mole ratio, 2:1) mixture: (a)
after 1 h ball milling under argon; (b) after dehydrogenation at 600 °C; (c) after
dehydrogenated at 380 °C.
The above analysis has demonstrated that the 2:1 NaBH4/MgH2 sample is
dehydrogenated in two steps. The first step is the dehydrogenation of MgH2 phase at
357 °C to form Mg metal. Considering the high decomposition temperature (490 °C)
of the as-milled NaBH4, we believe that the presence of Mg has destabilized NaBH4,
resulting in the reaction of Mg and NaBH4 to form MgB2 and NaH at 450 °C.
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4.3.3 Effects of various catalyst on the dehydrogenation of 2NaBH4-MgH2
composite
Although the decomposition temperature of NaBH4 can be reduced to 450 °C
by the addition of MgH2, evidently, the decomposition temperature is still too high.
At the same time, the presence of NaBH4 can degrade the decomposition of MgH2.
To overcome these kinetic limitations, various catalysts were doped into the MgH2NaBH4 system to improve the hydrogen storage properties.
Table 4.1 Effects of various catalysts on the dehydrogenation of NaBH4/MgH2.

Figure 4.11 shows the effects of catalysts on the dehydrogenation of the
MgH2-NaBH4 system. It can be seen that TiF3 dramatically reduces the first and
second step dehydrogenation temperatures. Other additives such as TiO2, Si, Zr and
BCC alloy, exhibit positive effect on the reduction of the first step dehydrogenation
temperature, but have a negative influence on the second step dehydrogenation. The
results are listed in Table 4.1. For the sample doped with 5 mol% TiF3, the first
decomposition temperature was decreased to 260 °C. In addition, the desorption
curves, after heating to 600 °C, showed that the TiF3 doped sample exhibited a threestep decomposition with a total hydrogen desorption capacity of 7.78 wt %. The first
desorption released about 1.69 wt % hydrogen in the temperature range of 260-320
°C. The second step took place at 320-530 °C with a hydrogen release capacity of
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5.06 wt %. The hydrogen capacity for the third step is 1.01 wt % at 530-600 °C. It is
easy to understand that the first step should be attributed to the decomposition of
MgH2. The second step might result from the interaction of NaBH4 and Mg, and the
third step could be the decomposition of NaH catalized by TiF3.

Figure 4.11 The temperature-programmed desorption curves for the un-doped and
catalyst doped NaBH4/MgH2 (mole ratio, 2:1) mixture after ball milling for 1 h in
argon. The heating ramp for all the samples was 1 °C/min.

4.3.4 Thermodynamics of TiF3-doped 2NaBH4-MgH2 composite
Since TiF3 enhanced the hydrogen desorption performance of NaBH4/MgH2
mixture, desorption pressure composition (PC) isotherms and van’t Hoff plots are
introduced

to

further

characterize

the

thermodynamics

properties

and

dehydrogenation behaviour.
Desorption PC isotherms of the NaBH4/MgH2 (2:1) mixture with TiF3 doping
were collected at 400-600 °C, as shown in Figure 4.12. Three plateaus were observed
for all the curves. The first plateau pressure at about 20-30 atm with a capacity of 2
wt. % corresponds to the decomposition of MgH2. However, the second plateau
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pressure, resulting from the dehydrogenation of NaBH4, at 470 °C is < 1 atm, and the
desorption equilibrium pressure increases significantly to > 1 atm when the
desorption temperature is raised to 560 °C, suggesting that the minimum
thermodynamically allowed temperature for dehydrogenation into 1 atm of H2 gas is
undesirably high. At higher capacities, above approximately -7 wt%, a third plateau
of about 0.95 atm was observed corresponding to the dehydrogenation equilibrium of
NaH at 560 °C. The fact that three plateaus observed in the isotherm data is
comparable to the temperature ramp desorption measurements (see Figure 4.11).

Figure 4.12 Desorption pressure-composition isothermal (PCI) curves for the 5
mol% TiF3 doped NaBH4/MgH2 (mole ratio, 2:1) mixture after ball milling for 1 h in
argon.
A preliminary van’t Hoff plot of TiF3 doped NaBH4/MgH2 mixture (logarithm
of the equilibrium pressure versus the inverse of the absolute temperature) with
desorption equilibrium pressures at -4.5 wt% (see Figure 4.12) is shown in Figure
4.13. It was found that the TiF3 doped NaBH4/MgH2 mixture has a decomposition
enthalpy of 100.58 kJ/(mol H2) which is lower than the overall decomposition
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enthalpy of 191.836 kJ/(mol H2) of pure NaBH4 [32], indicating that the presence of
MgH2 and TiF3 destabilizes NaBH4.

Figure 4.13 Van’t Hoff diagram showing equilibrium hydrogen pressures over
temperatures for the 5 mol% TiF3 doped NaBH4-MgH2 (mole ratio, 2:1) mixture.
The PC isotherm for the TiF3 doped NaBH4/MgH2 system at 600 °C (Figure
4.14) shows two sloping plateaus with capacities of approximately 4.7 wt %. The
first

plateau

pressure

at

about

2.6

MPa

corresponds

to

the

hydrogenation/dehydrogenation equilibrium of Mg. The second plateau pressure at
1-5 atm may result from the reaction of 2NaH + MgB2 + 4H2 ↔ 2NaBH4 + Mg + H2.
The equilibrium pressure of > 1 atm suggests that the minimum thermodynamically
allowed temperature for hydrogenation/dehydrogenation into 1 atm of H2 gas is
lower than 600 ˚C. Absorption and desorption isotherms displayed a hysteresis of 2-3
atm.
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Figure 4.14 Pressure composition isotherms (PCI) for 5 mol% TiF3 doped
NaBH4/MgH2 (mole ratio, 2:1) mixture at 600 °C. The sample was milled under
argon for 1 h and dehydrogenated at 600 °C for 2 hours.
4.3.5 Rehydrogenation of TiF3-doped 2NaBH4-MgH2 composite
It was reported that 2NaH/MgB2 could absorb 6.73 wt % hydrogen within 24 h
at 400 °C and 35 MPa [15]. Obviously, this is too rigorous. Here, our results showed
that the TiF3 doped NaBH4/MgH2 system could reversibly absorb hydrogen at
600 °C and 4MPa H2. Figure 4.15 shows the initial and second cycle hydrogen
absorption curves of the 1 h milled TiF3 doped NaBH4/MgH2 sample after
dehydrogenation at 600 °C for 2 h. A hydrogen absorption capacity of 5.89 wt % was
reached in 12 h for the first cycle. In contrast, in the second cycle, 4.86 wt % H2 was
absorbed after 14 h. In addition, by comparing the uptake curves, it also can be seen
that the hydrogen uptake rate for the initial cycle is faster than that of the second
cycle.
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Figure 4.15 Hydrogen absorption at 600 °C under 4 MPa H2 for 5 mol% TiF3 doped
NaBH4/MgH2 (mole ratio, 2:1) mixture, milled under argon for 1 h and
dehydrogenated at 600 °C for 2 hours.
It was suggested that the enhanced kinetics in the TiF3 doped NaBH4-MgH2
system can be attributed to mutual reactions which reduce the enthalpy of
dehydrogenation and rehydrogenation reactions. Moreover, it is quite likely that the
activation energy needed to break or form the Mg–B bond is significantly lower than
for the B–B bond. Additionally, the presence of TiF3 may play another crucial role. It
has been well established that Ti-based precursor may facilitate the dissociation of
hydrogen molecules and the increase of hydrogen concentration chemisorbed on the
surface of hydrides will result in enhanced kinetics of hydrogenation. In addition
from the literature, MgF2 and TiH2 were observed in a TiF3 doped MgH2 sample [33].
LiF and TiH2 or TiB2 were also observed in the TiF3 doped LiBH4 sample [7, 11].
This suggests that the reaction of TiF3 with hydrides to form active species during
ball milling or the subsequent heating process is one of the main reasons resulting in
the improvement of dehydrogenation kinetics. In this regard, there are a number of
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possible factors that contribute to the observed enhancement in dehydrogenation and
rehydrogenation kinetics in the TiF3 doped NaBH4-MgH2 system.

Figure 4.16 X-ray diffraction patterns for 5 mol% TiF3 doped NaBH4/MgH2 (mole
ratio, 2:1) mixture: (a) after 1 h ball milling under argon; (b) after dehydrogenation at
600 ˚C; (c) after hydrogen absorption at 600 °C
The XRD patterns for a TiF3 doped NaBH4-MgH2 sample before and after
dehydrogenation and after rehydrogenation are presented in Figure 4.16. Clearly, ball
milling produces a physical mixture of NaBH4, MgH2 and TiF3 and no other phases
were detected. After dehydrogenation at 600 °C, Na, NaH and MgB2 were formed.
The fact that no Na was detected for the NaBH4/MgH2 mixture after heating to
600 °C (see Figure 4.17) suggests that the TiF3 also destabilizes the decomposition of
NaH. Upon rehydrogenation at 600 °C, NaBH4 and MgH2 were reformed. NaH and
MgB2 disappear but some residual Na remains. It was demonstrated that NaH reacted
with MgB2 to form NaBH4 and MgH2 during hydriding at 600 °C. Unfortunately, we
could not observe any TiH2, TiB2 or NaF phase in the XRD patterns after
dehydrogenation and rehydrogenation, it is hard to specify the details of how the
TiF3 accelerates the decomposition of NaBH4/MgH2 system.
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4. 4 Improvement of the LiAlH4-NaBH4 system for reversible hydrogen
storage

4.4.1 Preparation
A LiAlH4/NaBH4 mixture with a molar ratio of 1:1 was ball milled in argon
atmosphere for 0.1 h. For comparison, pure NaBH4, pure LiAlH4, NaBH4 with 5
mol% TiF3, LiAlH4 with 5 mol% TiF3, a NaBH4/Al mixture with a molar ratio 2:1, a
2NaBH4/Al mixture with 5 mol% TiF3, and a LiAlH4/NaBH4 mixture with 5 mol%
TiF3 were also examined. The ball milling was undertaken in a planetary QM-1SP2
ball mill. The milling parameters were kept constant for all trials, and the ball-topowder weight ratio was 30:1 at 387 rpm using stainless steel balls 10 mm in
diameter. All samples were handled in an Ar-filled glove box.
4.4.2 Dehydrogenation performance and mechanism of LiAlH4-NaBH4 with or
without TiF3 doping
Fig. 4.17 shows the dehydrogenation curves as a function of temperature for
the LiAlH4, NaBH4, and LiAlH4/NaBH4 (molar ratio 1:1) samples, which were ball
milled for 6 min with and without doping with 5 mol % TiF3. In the case of LiAlH4,
the hydrogen desorption started at 125 °C. After heating to 585 °C, this material
released a total hydrogen capacity of 7.3 wt. %. For the bare NaBH4, the hydrogen
release started at 490 °C, and the weight loss was only 5.0 wt. % after heating to
600 °C. However, in the LiAlH4/NaBH4 system, significant improvement was
observed on dehydrogenation. It can be seen that both the doped and un-doped
samples showed a clear two-step dehydrogenation. For the un-doped sample, the first
hydrogen desorption started at around 90 °C. Further heating led to a second
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decomposition at 446 °C, and a total hydrogen release capacity of 8.3 wt. % was
obtained below 590 °C.

Figure 4.17 Dehydrogenation curves as a function of temperature for the LiAlH4 (iv),
NaBH4 (i), and LiAlH4-NaBH4 (1:1) samples with (iii) and without (ii) TiF3 doping
after ball milling for 0.1 h in argon. The heating ramp for all the samples was
1 °C/min.
Clearly, the dehydrogenation temperature of the LiAlH4-NaBH4 mixture is
lower than that of LiAlH4 or NaBH4 alone, suggesting that a mutual destabilization
occurred in the LiAlH4-NaBH4 mixture. Furthermore, the hydrogen release
temperature of the TiF3-doped LiAlH4-NaBH4 sample started at around 60 °C, which
is 30 °C lower than for the un-doped sample (90 °C). The second decomposition
temperature of the doped sample was decreased to around 300 °C. These results
clearly show that the TiF3-doped LiAlH4-NaBH4 sample exhibits improved kinetics
of dehydrogenation.
The two major hydrogen release steps of the LiAlH4-NaBH4 system suggest
that the LiAlH4 and NaBH4 in the system might decompose separately. Therefore,
the improved dehydrogenation kinetics for the mixture of hydrides was likely due to
a mutual catalytic effect between them. To understand the decomposition mechanism,
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XRD diffraction analysis was carried out on the as-milled materials, as well as on the
reaction products.

Figure 4.18 X-ray diffraction patterns of LiAlH4-NaBH4 (1:1) and TiF3-doped
LiAlH4-NaBH4 (1:1) samples: (a) LiAlH4-NaBH4 (S1) and TiF3-doped LiAlH4NaBH4 (S2) after ball milling for 0.1h under Ar, with the inset showing an
enlargement of the indicated range; (b) 0.1h milled TiF3-doped LiAlH4-NaBH4 (S3)
and LiAlH4-NaBH4 (S4) samples after heating to 600 °C.
Fig. 4.18 shows the XRD patterns of the LiAlH4-NaBH4 that was ball milled
for 6 min with and without TiF3 doping. Before dehydrogenation, the LiAlH4-NaBH4
sample showed the characteristics of a physical mixture of LiAlH4 and NaBH4.
However, after dehydrogenation to 600 °C, the LiAlH4 and NaBH4 peaks were
absent, and new compounds, corresponding to NaH, AlB2, Al, LiH, and some
residual Na (with Al and LiH peaks overlapping in the XRD patterns) were observed.
There are two peaks at 22 and 33.4° that we were unable to identify in the
dehydrogenation products. The main reaction in the un-doped LiAlH4-NaBH4 sample
after dehydrogenation to 600 °C might be:
LiAlH4 + NaBH4 → NaH + 1/2AlB2 + 1/2Al + LiH + 3H2

(4.5)
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As for the TiF3-doped LiAlH4-NaBH4 sample, after dehydrogenation at
600 °C, the NaH phase disappeared, and peaks related to LiAl and Na were observed
clearly from the XRD pattern. There is a peak at 33.4° that we were unable to
identify in the dehydrogenation products. This suggests that the TiF3 not only
enhanced the kinetics of the LiAlH4-NaBH4 system, but also destabilized the
decomposition of the NaH and LiH phases, resulting in a full decomposition of
LiAlH4 and NaBH4. In this case, the reaction in the TiF3-doped LiAlH4-NaBH4
system after dehydrogenation to 600 °C could be:
LiAlH4 + NaBH4 → Na + 1/2AlB2 + 1/2LiAl + 4H2

(4.6)

4.4.3 Catalytic mechanism of TiF3 on the LiAlH4-NaBH4 system
To understand the effect of TiF3 on the kinetics of the LiAlH4-NaBH4 system,
the dehydrogenation properties of ball-milled TiF3-doped LiAlH4 were investigated
under the same conditions as for the LiAlH4-NaBH4 system. Fig. 4.19 shows the
hydrogen release properties of the TiF3-doped LiAlH4 compared with pure LiAlH4,
and with un-doped and TiF3-doped LiAlH4-NaBH4 samples. It was found that the
dehydrogenation temperature of the TiF3-doped system is lower than that of the undoped system. In the case of the TiF3-doped LiAlH4, the onset dehydrogenation
temperature was decreased to 75 °C, which is 40 °C lower than that of pure LiAlH4
(115 °C). In addition, the dehydrogenation temperature of the LiAlH4-NaBH4 system
was also lower than that of the pure LiAlH4. This demonstrates that the
dehydrogenation kinetics of LiAlH4 can be improved by combining it with NaBH4 or
catalyzing with TiF3. In the former case, an interaction between the borohydride and
the alanate group in the LiAlH4-NaBH4 system during heating might take place,
which changes the thermodynamics of the reactions by either lowering the enthalpy
of the dehydrogenation reaction or tipping the balance of the reaction towards one
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direction. This is a fundamentally different reaction mechanism from the
decomposition of alanates when they are heated alone. In the latter case, the TiF3
component in the TiF3-doped LiAlH4-NaBH4 sample plays a catalytic role, which
further decreases the dehydrogenation temperature of the sample.

Figure 4.19 Dehydrogenation curves as a function of temperature for LiAlH4 with
(iv) and without (iii) TiF3 doping, and NaBH4-LiAlH4 with (ii) and without (i) TiF3
doping after ball milling for 0.1 h in argon. The heating ramp for all the samples was
1 °C/min.
Fig. 4.20 shows XRD patterns of the pure and TiF3-doped LiAlH4 after
heating to 600 °C and of the TiF3-doped LiAlH4-NaBH4 after heating to 200 and
350 °C, respectively. In the case of both un-doped and TiF3-doped LiAlH4, LiH and
Al were found after heating to 600 °C, suggesting that the first and second hydrogen
release reactions of LiAlH4 had been completed. LiF was observed in the case of
TiF3-doped LiAlH4, indicating that Ti and F- containing species acted as a catalyst
during the dehydrogenation process. The presence of LiAlO2 can be ascribed to its
oxidation during hydrogenation or XRD testing. For the TiF3-doped LiAlH4-NaBH4,
after heating to 200 °C, NaBH4, Al, and LiH were observed, indicating that NaBH4
was not decomposed below 200 °C and that LiAlH4 was consumed by decomposing
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to Al and LiH above 200 °C. However, after heating to 350 °C, in addition to NaBH4,
Al, and LiH, Na and NaF were also observed, indicating that part of the NaBH4 had
started to decompose below 350 °C.

Figure 4.20 X-ray diffraction patterns of pure and TiF3-doped LiAlH4, and TiF3doped NaBH4-LiAlH4: (a) pure LiAlH4 (S1) and TiF3-doped LiAlH4 (S2) after
heating to 600 °C; (b) TiF3-doped NaBH4-LiAlH4 after heating to 200 °C (S3) and
350 °C (S4). Insets show enlargements of the indicated ranges. All samples were ball
milled for 6 min under Ar before heating.
Similarly, it can be observed from Fig. 4.17 that the second decomposition
temperature of the TiF3 doped system was around 300 °C. As shown in Fig. 4.18,
AlB2 was found in the LiAlH4-NaBH4 system after heating it to 600 °C, indicating
that the Al, formed as an intermediate product of the dehydrogenation of LiAlH4,
could react with NaBH4 to form AlB2. Is the formation of AlB2 a crucial factor for
improving the decomposition of NaBH4? The role of AlB2 will be investigated and
discussed below.
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Figure 4.21 Dehydrogenation curves as a function of temperature for NaBH4 (ii),
NaBH4-Al (i), NaBH4-TiF3 (iii), NaBH4-Al-TiF3 (iv), NaBH4-LiAlH4 (v), and
NaBH4-LiAlH4-TiF3 (vi). The heating ramp for all the samples was 1 °C/min, and all
samples were ball milled for 6 min under Ar before heating.
To compare the dehydrogenation kinetics of the LiAlH4/NaBH4 system with
that of bare NaBH4 and to investigate the effect of Al on the dehydrogenation of
NaBH4, the dehydrogenation of the NaBH4-Al system was measured as compared
with NaBH4, NaBH4-TiF3, NaBH4-Al-TiF3, and the LiAlH4-NaBH4 system, as is
shown in Fig. 4.21. It can be seen that the dehydrogenation temperature of NaBH4
can be reduced by the addition of LiAlH4 or TiF3. The second step decomposition
temperature of the LiAlH4-NaBH4 sample was around 446 °C, which is 44 °C lower
than that (490 °C) of the bare NaBH4. With the addition of TiF3, the second
decomposition of the LiAlH4-NaBH4 can be further reduced to around 300 °C. A
similar result was observed for the TiF3-doped NaBH4, which started to release
hydrogen at around 300 °C. These results confirmed that the kinetics of
dehydrogenation of NaBH4 could be improved by combining it with LiAlH4 or
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catalyzing with TiF3. However, the addition of Al did not show any obvious effect
towards improving the dehydrogenation of NaBH4.

Figure 4.22 X-ray diffraction patterns of (a) NaBH4-TiF3 (S1), NaBH4-Al (S2), and
NaBH4-Al-TiF3 (S3) after ball milling for 0.1 h under Ar; and (b) the milled samples
NaBH4-Al-TiF3 (S4), NaBH4-Al (S5), and NaBH4-TiF3 (S6) after heating to 600 °C.
The inset in (b) shows an enlargement of the indicated peak.
Fig. 4.22 shows the XRD patterns for the 0.1 h milled NaBH4-Al, NaBH4TiF3, and NaBH4-Al-TiF3 before and after heating to 600 °C. Ball milling produced a
physical mixture of NaBH4, Al, and TiF3, suggesting that no reaction occurred during
the ball milling. For the Al-doped NaBH4, Al, Na, and AlB2 were found after
dehydrogenation to 600 °C, which is similar to what occurs in the LiAlH4-NaBH4
system, in which the Al from the decomposition of LiAlH4 can react with the NaBH4
to form AlB2 (see Fig. 4.18). However, as shown in Fig. 4.21, the plain Al powder
did not exhibit any significant effect on the decomposition of NaBH4, unlike the
LiAlH4, suggesting that the formation of AlB2 is not a crucial factor for improving
the dehydrogenation of NaBH4, but rather that there is an alternative mechanism in
the LiAlH4-NaBH4 system. In the case of the TiF3-doped NaBH4, Na and NaF were
formed after dehydrogenation to 600 °C, indicating that the formation of NaF could
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act as a catalyst during the dehydrogenation process and then lead to the
improvement of the kinetics of dehydrogenation.
4.4.4 Thermodynamics of TiF3 doped LiAlH4-NaBH4 composite
Since TiF3 has a positive effect on enhancing the hydrogen desorption
performance of LiAlH4/NaBH4, the desorption pressure-composition (PC) isotherms
and van’t Hoff plot of TiF3-doped LiAlH4/NaBH4 were collected to further
investigate the thermodynamics properties and dehydrogenation behaviour. Pressurecomposition-temperature (PCT) desorption curves of the LiAlH4-NaBH4 (1:1) with
TiF3 doping were collected in the range of 200-600 °C, as shown in Fig. 4.23. The
first step dehydrogenation, with a hydrogen capacity of 3-4 wt. %, was observed at
all temperatures, which corresponds to the decomposition of LiAlH4 in the sample.
No plateaus can be observed for the sample when measured at 207 °C and 360 °C.
However, with increasing temperature, the isotherms showed plateaus from -4 to -7
wt. % with total hydrogen capacities of approximately -8 wt. %, which relates to the
dehydrogenation of NaBH4.

Figure 4.23 Desorption PCT curves for a TiF3-doped LiAlH4-NaBH4 sample which
was ball milled for 6 min under Ar before heating.
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A preliminary van’t Hoff plot of TiF3-doped LiAlH4-NaBH4 (logarithm of the
equilibrium pressure versus the inverse of the absolute temperature) using the
desorption equilibrium pressures at 5.5 wt% (see Fig. 4.23) was shown in Fig. 4.24.
The slope of the line is equal to the enthalpy of formation divided by the gas constant,
and the intercept is equal to the entropy of formation divided by the gas constant.
The TiF3-doped LiAlH4-NaBH4 has a measured enthalpy of 68.16 kJ/(mol H2) which
is significantly lower than that of pure NaBH4 (106.8 kJ/(mol H2)) [34]. The addition
of LiAlH4 and TiF3 can decrease the dehydrogenation enthalpy by 68.64 kJ/(mol H2)
compared with pure NaBH4, showing that the presence of LiAlH4 and TiF3
destabilizes NaBH4. However, considering the absence of the plateau in the
desorption PC isotherm curves below 360 °C and the high desorption temperature
(around 570 °C) that is required in order to reach the high desorption equilibrium
pressure (> 1 atm), the minimum thermodynamically allowed temperature for
dehydrogenation into 1 atm H2 gas is still undesirably high.

Figure 4.24 Van’t Hoff diagram showing equilibrium hydrogen pressures over
temperatures for the TiF3-doped LiAlH4-NaBH4 sample.
To

further

characterize

the

thermodynamic

properties

and

the

rehydrogenation-dehydrogenation behaviour, PC isotherms of the TiF3-doped
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LiAlH4-NaBH4 mixture, the pure LiAlH4, and the pure NaBH4 were collected at
510 °C, as shown in Figure 4.25. The TiF3-doped LiAlH4-NaBH4 showed different
absorption plateau pressures from pure LiAlH4 or pure NaBH4, suggesting their
different thermodynamic properties. The isotherm showed that LiAlH4-NaBH4-TiF3
has a longer plateau and a higher capacity than pure LiAlH4 or pure NaBH4. The
isotherm of LiAlH4 has a slope plateau of under 0.1 MPa from 0.65 to 1.75 wt. %
with a capacity of 2.4 wt %, which is likely to be due to the formation of LiH. In the
case of the NaBH4, a capacity of 0.8 wt. % without any significant plateau was
observed, which might be due to the formation of NaH. However, the LiAlH4NaBH4-TiF3 exhibited a stable plateau from 0.54 to 2.71 wt. % with a capacity of 3.9
wt %. Compared with the absorption capacities, the desorption capacities of the three
samples are decreased, indicating that the desorption is not completed. This suggests
that longer equilibrium time and lower pressure (e.g. <0.001MPa) are required for a
full decomposition.

Figure 4.25 Absorption/desorption PCT curves for 0.1 h milled TiF3-doped LiAlH4NaBH4 sample, pure LiAlH4, and pure NaBH4 at 510 °C.
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According to the absorption/desorption PC isotherms, we can speculate the
reversible equations to be:
In the case of LiAlH4:

Li + H2 → 1/2LiH

(4.7)

In the case of NaBH4:

Na + H2 → 1/2NaH

(4.8)

In the case of LiAlH4-NaBH4-TiF3:

Na + 1/2AlB2 + 1/2LiAl + 5/2H2 → Al +
1/2LiH+ NaBH4

(4.9)

4.4.5 Rehydrogenation of TiF3 doped LiAlH4-NaBH4 composite
The XRD pattern for the TiF3-doped LiAlH4-NaBH4 sample rehydrogenated
at 10 MPa and 600 °C for 48 h is presented in Fig. 4.26. Clearly, the NaBH4 was
reformed, although there is an unidentified peak at 33°. Rietveld analysis shows that
nearly half of the sample is NaBH4 phase, while no LiAlH4 or Li3 AlH6 phase was
detected, indicating that reversibility is difficult. Except for Al and LiH, some
residues of NaH and AlB2 are also observed.

Figure 4.26 X-ray diffraction patterns of TiF3-doped NaBH4-LiAlH4 sample after
rehydrogenation at 10 MPa and 600 °C for 48 h.
Fig. 4.27 showed the dehydrogenation curves as a function of temperature for
the TiF3-doped LiAlH4-NaBH4 sample rehydrogenated at 10 MPa and 600 °C for 48
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h. It can be seen that the hydrogen desorption of the rehydrogenated sample started at
around 300 °C. After heating to 600 °C, this material released a total hydrogen
capacity of 3.77 wt. %.

Figure 4.27 Dehydrogenation curve as a function of temperature for TiF3-doped
LiAlH4-NaBH4 sample after rehydrogenation at 10 MPa and 600 °C for 48h.
The fact that the TiF3-doped LiAlH4-NaBH4 mixture shows different
thermodynamic properties implies that there is a different reaction mechanism
compared with the pure NaBH4. The formation of AlB2 rather than free B might
promote the rehydrogenation reaction, as much less energy is needed to break Al–B
bonding in AlB2 compared to the B–B bonding in the bulk B. In fact, it has been
reported recently [15] that the formation of borides, instead of bulk boron,
significantly enhances the hydrogenation reactions of LiH + MgB2 and CaH2 + MgB2
mixtures. In the TiF3 doped LiAlH4-NaBH4 sample, a Ti-containing catalyst, such as
TiH2, AlTi2, or TiB2, and a fluoride such as NaF or LiF might form during the
dehydrogenation process. Actually LiF and NaF phase were respectively detected in
the dehydrogenation process of NaBH4 with TiF3 addition (Fig. 4.22) and of LiAlH4
with TiF3 addition (Fig. 4.20), indicating that a fluoride such as NaF or LiF might act
as an intermediate or catalyst during the dehydrogenation process. However, it is not
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clear at present that any of the Ti-containing catalysts had actually formed and acted
as a catalyst during the dehydrogenation/rehydrogenation process, as they are all
hard to identify by XRD.
4. 5 Improved Hydrogen Storage Properties of NaBH4 Destabilized by CaH2
and Ca(BH4)2

4.5.1 Preparation
A QM-3SP2 planetary ball mill was employed to mix the NaBH4/CaH2 and
NaBH4/Ca(BH4)2 samples under an argon atmosphere at 400 rpm. Each time, about
1 g of sample was prepared with 2 h of ball-milling, with a ball-to-powder ratio of
around 30:1. All sample storage and handling were performed in an Ar filled glove
box (MBraun Unilab).
4.5.2 Dehydrogenation performance and mechanism of the NaBH4/CaH2 composite
The influence of the addition of CaH2 on the hydrogen desorption behaviour
of the NaBH4 was qualitatively evaluated by means of TPD. Fig. 4.28 shows the
TPD curves of the 6NaBH4-CaH2, and 4NaBH4 -CaH2 samples, prepared by ball
milling in argon atmosphere for 2 h. The dehydrogenation of pure NaBH4 and pure
CaH2 are also included for comparison purposes. Evidently, the addition of CaH2
lowers the hydrogen desorption temperature and enhances the hydrogen desorption
rate of the NaBH4. The 6NaBH4-CaH2 sample starts to release hydrogen at around
390 °C, which is 100 °C lower than for pure NaBH4. After 8000 s at 500 °C, the
dehydrogenation of the 6NaBH4-CaH2 compound is saturated, with 8.8 wt %
hydrogen released compared to 6.6 % for the pure NaBH4. Meanwhile, the
dehydrogenation process for pure NaBH4 is still proceeding even after 12000 s at 500
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°C. Further studies revealed that larger CaH2 addition gave similar results to those
for the 4NaBH4-CaH2 sample. Comparing the desorption curves for the 6:1 and 4:1
samples, it can be seen that the initial rate is similar but the curves diverge at around
1000 s. The dehydrogenation process for the 4NaBH4-CaH2 compound can be
saturated after 7000 s at 500 °C, which is a little shorter than for 6NaBH4-CaH2, but
much shorter than for pure NaBH4.

Figure 4.28 Temperature programmed desorption (TPD) profiles of the 6NaBH4CaH2, and 4NaBH4- CaH2 samples after ball milling in argon atmosphere for 2 h. For
comparison, TPD profiles of the as-milled NaBH4 and CaH2 samples are also shown.
The heating rate was 5 °C/min.
Fig. 4.29 compares the isothermal dehydrogenation profiles of the 6NaBH4CaH2, 4NaBH4-CaH2, and NaBH4 samples at 440 °C. It is apparent that the
NaBH4/CaH2 composite exhibits superior hydrogen desorption properties compared
to the ball-milled NaBH4. In the case of the 6NaBH4-CaH2 sample, a hydrogen
desorption capacity of 2.5 wt % was reached in 2 h. Furthermore, the sample can
desorb 3.6 wt % hydrogen after a prolonged 8 h desorption. In contrast, the ballmilled NaBH4 desorbed less than 1.6 wt % hydrogen, even after 8 h. The 4NaBH4CaH2 sample showed a similar initial rate to the 6NaBH4-CaH2 sample, but
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ultimately showed a higher desorbed capacity, desorbing 3.3 wt % hydrogen within
2 h and 4.6 wt % hydrogen after 8 h, which are 0.8 and 1 wt % higher, respectively,
than for the 6NaBH4-CaH2 sample.

Figure 4.29 Isothermal dehydrogenation profiles of the 6NaBH4-CaH2, 4NaBH4CaH2, and NaBH4 samples at 440 °C.
The previous results suggest that CaH2 plays an important role in enhancing
the dehydrogenation properties of NaBH4. To understand the role of CaH2, structural
change of the 6NaBH4-CaH2 sample after dehydrogenation at 500 °C (Fig. 4.28) was
investigated by means of XRD and FTIR. The results are shown in Fig. 4.30. It is
found from Fig. 4.30(a) that the NaBH4 phase has disappeared, and in addition to
CaH2, new compounds, corresponding to Na, CaB6, CaO, and NaO are observed in
the dehydrogenated NaBH4/CaH2 compound, as well as an unidentified peak at
around 2θ of 44°. The formation of Na and CaB6 indicates that NaBH4 can be
destabilized by CaH2 according to 6NaBH4 + CaH2 → 6Na + CaB6 + 13H2. The
identified oxides may have come from air contamination of the sample during the
XRD measurement. The change in structure during dehydrogenation was further
investigated by FTIR examination, as shown in Fig. 4.30(b). It can be seen that for
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the dehydrogenated samples vibrations of the B–H bonds from the [BH4]- group and
Ca-H bonds from CaH2 can be observed, although the intensity of the B-H vibration
is weak, indicating that the reaction of CaH2 and NaBH4 in the 6NaBH4-CaH2
sample under these conditions (Fig. 4.28) is not complete. In addition, a new weak
signal around 2500 cm-1 was also observed in the dehydrogenated state, which may
come from trace amounts of Na2B12H12 [3-5, 16-21]

Figure 4.30 XRD patterns (a) and FTIR spectra (b) of the 6NaBH4-CaH2 sample
after dehydrogenation at 500 °C.

4.5.3 Dehydrogenation performance and mechanism of the NaBH4/Ca(BH4)2
composite
Fig. 4.31 presents the dehydrogenation profiles of xNaBH4-Ca(BH4)2
composites at four different values of x (x = 1, 4, 10, 20). For the bare NaBH4, the
hydrogen release started at around 490 °C, and the weight loss was only 1.0 wt %
after heating to 500 °C. However, another 7.6 wt % hydrogen could be released if the
temperature was held at 500 °C for 2 h. However, in the NaBH4-Ca(BH4)2
composites, significant improvement in both the temperature and the rate of
hydrogen desorption was observed. In the case of 20NaBH4-Ca(BH4)2, 5.9 wt %
hydrogen was released after heating to 500 °C, and another 3.9 wt % hydrogen was
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released after holding the temperature at 500 °C for only 0.5 h, indicating the
significant improvement in the dehydrogenation kinetics and capacity compared to
the bare NaBH4. The dehydrogenation of NaBH4 can be further enhanced by
increasing the amount of Ca(BH4)2. For example, the dehydrogenation process in the
case of xNaBH4-Ca(BH4)2 (x = 1, 4, 10) can be completed by heating to 500 °C,
indicating that a possible reaction between NaBH4 and Ca(BH4)2 may be occurring in
the dehydrogenation process. For all the xNaBH4-Ca(BH4)2 composites, an apparent
two-step dehydrogenation is also observed, which may correspond to the
decomposition of Ca(BH4)2 and NaBH4, respectively, as the temperature is increased.
Meanwhile, the onset temperature for the second dehydrogenation step of the
NaBH4-Ca(BH4)2 composite is round 380 °C, which is about 110 °C lower than for
the dehydrogenation of pure NaBH4, indicating significant improvement in the
dehydrogenation temperature.

Figure 4.31 TPD profiles of the xNaBH4- Ca(BH4)2 (x=1, 4, 10, 20) samples. For
comparison, TPD profiles of the as-milled NaBH4 and Ca(BH4)2 samples are also
shown. The heating rate was 5 °C/min.
Significantly, the dehydrogenation of NaBH4 was enhanced by the presence
of Ca(BH4)2. To understand the decomposition mechanism, samples were carefully
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collected after ball milling for both XRD and FTIR characterization to clarify the
possible chemical reactions occurring during the ball-milling process. Fig. 4.32(a)
shows XRD patterns of the as-milled 4NaBH4-Ca(BH4)2 composite compared with
the pure NaBH4 and Ca(BH4)2. Clearly, no reaction product of Ca(BH4)2 and LiBH4
can be found in the 4NaBH4-Ca(BH4)2 mixture, and all observed reflections in the
case of the 4NaBH4-Ca(BH4)2 sample can be identified as Ca(BH4)2 or NaBH4.
Further FTIR examination revealed the signatures of B-H bending at 1120 cm-1 and
B-H stretching at 225, 2303, and 2388 cm-1 in the spectra of the as-prepared
4NaBH4-Ca(BH4)2 (Fig. 4.32(b)), which are located in the typical B–H vibration
range of borohydride. At the same time, the peak positions are similar to those of
NaBH4 or Ca(BH4)2. Thus, we believe that NaBH4 and Ca(BH4)2 exist as a physical
mixture rather than a new compound or a solid solution.

Figure 4.32 XRD patterns (a) and FTIR spectra (b) of the 4NaBH4-Ca(BH4)2 sample
after 2 h of ball milling. The as-milled NaBH4 and Ca(BH4)2 samples are also shown
for comparison purposes.
The two major hydrogen release steps for the NaBH4-xCa(BH4)2 suggest that
the NaBH4 and Ca(BH4)2 in the system might decompose separately. Therefore, the
improved dehydrogenation for NaBH4 was likely due to a destabilization reaction of
NaBH4 with a decomposition product of Ca(BH4)2. To clarify the chemical reactions
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going on in dehydrogenation, XRD patterns and FTIR spectra for the 4NaBH4Ca(BH4)2 sample were collected after heating to different temperatures, i.e., 380 °C
and 500 °C, as shown in Fig. 4.33.

Figure 4.33 XRD patterns (a) and FTIR spectra (b) of the 4NaBH4-Ca(BH4)2 sample
at different dehydrogenation stages. FTIR results for the as-received CaH2 are also
shown for comparison purposes.
After dehydrogenation to 380 °C, the XRD peaks of NaBH4 are still apparent,
but the Ca(BH4)2 phase has disappeared, and no peaks corresponding to any Cabased compound can be identified. Therefore, the observed typical features of [BH4]group in FTIR after dehydrogenation at 380 °C would have come from NaBH4.
However, the vibration of the Ca–H band at about 3645 cm-1 can still be observed in
the FTIR spectra, indicating the presence of CaH2, which would have come from the
decomposition of Ca(BH4)2. The results indicate that the hydrogen release from the
system below 380 °C is due to the decomposition of Ca(BH4)2. After further heating
to 500 °C, the NaBH4 phase has disappeared, and the sample shows weak diffraction
peaks of Na, CaB6, and CaO. Meanwhile, the FTIR results show that the vibrations
of the B-H and Ca-H bands for the typical features of the [BH4]- group and CaH2,
respectively, have also disappeared, indicating the full decomposition of NaBH4 and
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Ca(BH4)2. In addition, similar to the NaBH4-CaH2 sample, a new weak signal around
2500 cm-1 was also observed after heating to 500 °C, which is possibly due to the
trace amounts of Na2B12H12 as discussed above.
From the above results, it seems that the NaBH4 and Ca(BH4)2 exist as a
physical mixture in the xNaBH4-Ca(BH4)2 composites after ball milling for 2 h.
During the dehydrogenation, Ca(BH4)2 decomposes first, and thereafter, the NaBH4
starts to release hydrogen. Meanwhile, CaH2 is generated after the decomposition of
Ca(BH4)2, but disappears after the decomposition of NaBH4, in combination with the
formation of CaB6. Therefore, the enhancement in the dehydrogenation of NaBH4
combined with Ca(BH4)2 is probably similar to the case where NaBH4 is combined
with CaH2. It is well known that the dehydrogenation of Ca(BH4)2 involves two
reactions: Ca(BH4)2 → CaH2 + intermediate compound (CaBmHn) → CaH2 +CaB6
+H2, as in reaction (3). The reactions proceed around 300-380 °C and 380-500 °C,
respectively [35-37] Thus, to further explore and understand the dehydrogenation
mechanism, the following samples were prepared for comparison with 4NaBH4CaH2 and 4NaBH4-Ca(BH4)2. In the samples 4NaBH4-(CaBmHn+CaH2) and
4NaBH4-(CaB6+CaH2), Ca(BH4)2 was first dehydrogenated into CaBmHn and CaH2
at 380 °C, and CaB6 and CaH2 at 500 °C, respectively, and then the dehydrogenated
products were ball milled with NaBH4 for 2 h in a molar ratio of 1:4. The TPD
curves for these two samples, along with those of the pure CaH2 and NaBH4 samples,
as well as 4NaBH4-CaH2 and 4NaBH4-Ca(BH4)2, are shown in Fig. 4.34. It can be
seen that the dehydrogenation of NaBH4 was improved by combining it with CaH2,
Ca(BH4)2, or the decomposition products of Ca(BH4)2. It also can be seen that the
4NaBH4-(CaBmHn+CaH2) sample exhibits the same dehydrogenation properties in
terms of the release rate and the completion temperature as the second-step
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dehydrogenation of the 4NaBH4-Ca(BH4)2 sample, indicating the separate
decomposition of NaBH4 and Ca(BH4)2 in 4NaBH4-Ca(BH4)2. The 4NaBH4(CaB6+CaH2) and 4NaBH4-CaH2 samples decompose at the same temperature and
have the same hydrogen release rate below 500 °C, but the former exhibits faster
release of hydrogen after it is held at 500 °C. The 4NaBH4-(CaBmHn+CaH2) sample
has a lower release temperature compared to 4NaBH4-(CaB6+CaH2), which may be
because the decomposition temperature of CaBmHn is lower than that of NaBH4,
while the dehydrogenation of CaBmHn is probably favourable for the decomposition
of NaBH4.

Figure 4.34 Comparison of the TPD curves for CaH2, NaBH4, 4NaBH4-CaH2,
4NaBH4-Ca(BH4)2, 4NaBH4-(CaBmHn+CaH2), and 4NaBH4-(CaB6+CaH2) samples,
after 2 h ball milling in each case. The heating rate for all the samples was 5 °C/min.

4.5.4 Rehydrogenation of the NaBH4/Ca(BH4)2 composite
We have tested the reversibility for the 4NaBH4-Ca(BH4)2 composite, which
probably recovers according to 4NaBH4 + Ca(BH4)2 ↔ 4Na + CaB6 + 12H2. The
dehydrogenated 4NaBH4-Ca(BH4)2 sample was re-hydrogenated under ∼5.5 MPa of
H2 at 400 °C for 10 h.
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Figure 4.35 TPD profiles of the dehydrogenated 4NaBH4-Ca(BH4)2 sample with and
without NbF5 additive after rehydrogenation at 400 °C and 500 °C under 55 bar
hydrogen pressure for 10 h. The hydrogen capacity was calculated after taking the
weight of NbF5 catalyst into account.
The TPD curves for the dehydrogenation of the rehydrogenated 4NaBH4Ca(BH4)2 sample are shown in Fig. 4.35, and it can be seen that as the temperature
was gradually elevated from room temperature to 500 °C, approximately 2.3 wt% of
hydrogen was recharged. It has been found that NbF5 is catalytically effective in
improving the reversibility of Ca(BH4)2 and LiBH4/CaH2 [38-40]. Therefore, the
catalytic additive NbF5 was added in order to promote the uptake of hydrogen. As
expected, the NbF5 is effective for enhancing the reversibility of NaBH4/Ca(BH4)2
composite. As shown in Fig. 4.35, the NbF5 doped 4NaBH4-Ca(BH4)2 sample can
reversibly absorb 2.8 wt% of hydrogen under the same conditions, which is 0.5 wt %
higher than for the pristine sample. After increasing the temperature to 500 °C, the
NbF5 catalysed sample can reversibly absorb even more hydrogen (3.4 wt %). The
results indicate that the NaBH4/Ca(BH4)2 composite shows partial reversibility, and
the use of an effective catalyst can further enhance its reversibility.
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Figure 4.36 XRD patterns (a) and FTIR spectra (b) of the rehydrogenated 4NaBH4Ca(BH4)2 sample with and without NbF5 additive.
The rehydrogenated sample was then subjected to XRD and FTIR
examination (Fig. 4.36). FTIR analysis of the recharged sample (Fig. 4.36(b))
showed the clear restoration of the B-H bands from the [BH4]- group, and the
vibrations were strengthened in the NbF5 doped sample, indicating the catalytic
effects on recovery, in good agreement with the rehydrogenation results (Fig. 4.35).
In addition, a vibration corresponding to the [B12H12]2- group was also observed. It is
not clear that the Na2B12H12 was generated during rehydrogenation because the
features of the [B12H12]2- group were also observed in the dehydrogenated sample.
However, according to the XRD results (Fig. 4.36(a)), in addition to the weak peaks
from Na, CaF2, NaO, and CaO contaminant, the only diffraction peaks related to
borohydrides are from NaBH4. It has been reported that the reversibility of NaBH4
from its decomposition products under elevated conditions up to 400 °C and 350 bar
hydrogen pressure for 24 h was unsuccessful [15]. Therefore, the reversibility of
NaBH4 under moderate conditions when combined with Ca(BH4)2 is probably due to
the formation of CaB6 upon dehydrogenation. Similar to the role of MgB2 in
recovering NaBH4 [12,13] and LiBH4 [14,15], the activation energy needed to break
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the Ca–B bond is quite likely significantly lower than that of the B–B bond, leading
to an easier recombination of NaBH4 from CaB6 than from B. Meanwhile, effective
catalyst doping is also beneficial in improving the reversibility. From Fig. 4.36a, in
the XRD patterns of the rehydrogenation products of the NbF5-doped 4NaBH4Ca(BH4)2, peaks corresponding to CaF2 can be clearly observed, indicating that the
NbF5 component in the doped system plays a catalytic role through the formation of
Nb-containing and F-containing catalytic species, which catalytically improves the
rehydrogenation of this system further. However, no Ca(BH4)2 can be recovered
under these conditions, and the recovered percent of NaBH4 is low.
4.5.5 Discussion
It is well known that the single metal borohydrides can be modified by
forming dual-cation borohydrides. For example, the decomposition of LiCa(BH4)3 is
reported to take place at lower temperature than that of LiBH4 [41]. However, in the
case of our 2 h ball-milled 4NaBH4-Ca(BH4)2 sample, it appears that NaBH4 and
Ca(BH4)2 exist as a physical mixture rather than a new compound or a solid solution.
Therefore, the dehydrogenation enhancement in the NaBH4/CaBH4 composite is
similar to that in NaBH4/CaH2 and due to the formation of CaB6, which is confirmed
by XRD. However, unlike the direct use of bulk CaH2, as a source of CaH2, CaBH4
has high hydrogen capacity (10.5 wt %), and more importantly, the decomposition of
CaBH4 can provide fresh CaH2 in small particles and without any passivation layer.
In addition, another decomposition product, CaB6, can refine the microstructure
through acting as a source of heterogeneous nucleation sites during its formation,
resulting in fast desorption kinetics, as is proposed for the function of MgB2 in the
LiBH4-MgH2 system [42].
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Partial reversibility was observed in the 4NaBH4-Ca(BH4)2 sample under
moderate conditions, and the reformation of NaBH4 can be identified by XRD and
FTIR. However, the absorbed amount is low, which may be due to the stability of
CaB6. For example, starting from 6LiBH4 + CaH2, Yang et al. [43] identified the
formation of CaB6 in the dehydrogenated sample, but failed to reverse the reaction
under 150 bar H2 pressure at 350 °C. However, after doping with an effective
catalyst such as TiCl3 [44] and NbF5 [40], rehydrogenation could occur under more
moderate conditions (83 bar H2 pressure at 673 K). In the case of our 4NaBH4Ca(BH4)2, the reversibility was also improved by doping with NbF5. However, the
reversibility is still low. The low reversibility is probably due to the moderate
conditions. Another possibility is that the low reversibility is a melting induced
phenomenon. Due to the kinetic and/or thermodynamic limitations, during operation,
4NaBH4-Ca(BH4)2 is typically operated to temperatures higher than the melting point
(~98 °C) of the decomposition product Na. The molten Na may serve as an effective
mass-transfer medium to promote atom diffusion. As a result, the local
stoichiometricity of the reactants (CaB6 and Na) may be disturbed, which presents an
obstacle to the restoration of NaBH4. On the other hand, the gas released during
dehydrogenation, as it bubbles in the melt, may carry some of the liquid or vapour
phase of Na out of the reactor. This is confirmed by the presence of metallic deposits
on the outer wall of the reactor after cooling. A similar phenomenon/problem was
also observed in the reversible dehydrogenation of LiBH4 due to the melting point,
which is lower than the decomposition temperature [45]. It has also been observed
for the LiBH4-based composite system that desorption conducted against a backpressure of a few bars of hydrogen favours the formation of the desired metal boride,
such as MgB2, over the formation of boron [14,43]. For example, Yang et al. [43]
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found larger storage capacity and faster rehydrogenation when applying a backpressure of 3 bar during desorption. In this regard, a study on the effects of the
application of back-pressure during the dehydrogenation should be conducted, as
well as the effects on the subsequent rehydrogenation.
4. 6 Chapter summary
The hydrogen de/absorption properties of NaBH4 (NaH+B) with different Tibased additives, including Ti, TiH2, and TiF3, were investigated. It has been
demonstrated that that among the different titanium based additives, TiF3 possessed
the highest catalytic activity towards the hydrogen desorption and absorption
reactions of NaBH4. XRD and XPS results revealed that the TiF3 reacts with NaBH4
to form TiB2 and NaF in the heating process. It was also revealed that the F anion
can substitute for anionic H in NaH to form NaF1-xHx during the hydrogenation
process, which may play a role during hydrogenation. It was therefore believed that
both the Ti and F- contaning species play a role towards the observed promotion
effect of TiF3 on the reversible dehydrogenation of NaBH4. FTIR spectroscopy also
confirmed the presence of amorphous Na2B12H12 intermediates, in both the
dehydrogenated and the rehydrogenated states, which may play a crucial role in the
partial dehydrogenation and reversibility observed in the NaBH4 with and without
catalyst doping.
As for the NaBH4-MgH2 mixture, it has been demonstrated that the hydrogen
desoption includes two steps, i.e. MgH2 decomposes to Mg and H2, followed by the
reaction between Mg and the NaBH4 to form NaH and MgB2. Compared with pure
NaBH4, the dehydrogeation temperature of NaBH4 in NaBH4/MgH2 was decreased
by about 40 °C. Furthermore, it was found that TiF3 exhibited superior catalytic
effects which lowered the decomposition temperature by 100 °C and gave rise to fast
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kinetics. In addition, the rehydrogenation experiments revealed that the TiF3 doped
2NaBH4/MgH2 sample could be rehydrogenated up to 5.89 wt % hydrogen within
12h at 600 °C and 4 MPa H2.
For the LiAlH4-NaBH4 system, it has been demonstrated that there is a
mutual destabilization between LiAlH4 and NaBH4 in the LiAlH4-NaBH4 system,
which decreased the decomposition temperature of both hydrides. After doping with
TiF3, the onset temperatures of both hydrides were decreased to 60 °C and 300 °C,
respectively, which are 65 °C and 200 °C lower than those of bare LiAlH4 and
NaBH4. PCT and van’t Hoff plots showed that the decomposition enthalpy of NaBH4
in the TiF3-doped LiAlH4–NaBH4 system was decreased from 106.8 kJ/(mol H2) for
pure NaBH4 to 68.16 kJ/(mol H2). Furthermore, about 4 wt. % hydrogen can be
reversibly stored by dehydrogenated TiF3-doped LiAlH4–NaBH4.
It was also shown that addition of CaH2 or Ca(BH4)2 to NaBH4 causes
destabilization through the formation of CaB6, resulting in a lower decomposition
temperature and faster desorption rate. In particular, as a source of CaH2, addition of
Ca(BH4)2 leads to superior hydrogen desorption performance. From careful
examination of the ball-milled samples, it appears that the NaBH4 and Ca(BH4)2 in
the 4NaBH4-Ca(BH4)2 composite exist as a physical mixture after ball milling.
During dehydrogenation, Ca(BH4)2 first decomposes to unidentified new materials
CaBmHn and CaH2, which reacts with NaBH4, resulting in destabilization. Partial
reversibility of the NaBH4/Ca(BH4)2 composite with and without catalyst was also
confirmed under moderate conditions, with formation of NaBH4.
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5

CHAPTER 5 IMPROVEMENT OF THE LITHIUM BOROHYDIDE
AND MAGNESIUM HYDRIDE COMPOSITE SYSTEM FOR
HYDROGEN STORAGE

5. 1 Introduction
As described in Chapter 2, LiBH4 is an attractive system that stores 13.9 wt
% hydrogen by weight according to LiBH4 ↔ LiH + B +3/2H2. However, its
rigorous thermodynamic and kinetic properties limit its ability to cycle hydrogen
under moderate conditions [1,2]. It was reported that pure LiBH4 requires a
temperature of over 400 °C for rapid hydrogen release and rigorous conditions of
600 °C and 35 MPa hydrogen pressure for full restoration of the hydride [2]. Various
methods have been aimed at modifying LiBH4 to promote hydrogen desorption at
lower temperatures and increase the reversible reaction kinetics, including
confinement in nanoporous scaffolds [3], doping with catalysts [4], and
destabilization with additives such as metals, metal oxides, metal halides, and metal
hydrides [5-10]. Among these attempts, destabilization shows the most promise
because the addition of a destabilizing reagent can be added to react exothermally
with the host material to form a more stable end product, which will reduce the
enthalpy for dehydrogenation, thereby reducing the decomposition temperature.
For destabilization of LiBH4, one of the most prominent destabilization
reagents is MgH2. This is because the addition of MgH2 can reduce the
dehydrogenation temperature of LiBH4 to nearly as low as 350 °C and promotes
complete decomposition below 500 °C [9]. It is already well known that the LiBH4MgH2 combined system displays two step dehydrogenation features, corresponding
to the individual decomposition of MgH2 and LiBH4, respectively, with increasing
temperature. However, the reaction path for second-step dehydrogenation, i.e., the
decomposition of LiBH4, is dependent on whether decomposition is performed under
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vacuum or under a hydrogen pressure (typically ≥ 3 bar). For decomposition
performed under a hydrogen back-pressure, the system forms MgB2 as shown in
reaction (5.1) [6,9,11-14].
2LiBH4 + MgH2 → 2LiBH4 + Mg +H2 → 2LiH + MgB2 + 4H2

(5.1)

Under a dynamic vacuum environment, the system forms Li-Mg alloys according to
reaction (5.2) [10,15-17].
0.3LiBH4 + MgH2 → 0.3LiBH4 + Mg +H2 → 0.78Mg0.816Li0.184 + 0.52Mg0.70Li0.30
+0.3 B+ 1.60 H2

(5.2)

Although there have been a few studies on the effects of hydrogen backpressure and vacuum on the reaction pathway and products of the LiBH4-MgH2
composite system, the effects of hydrogen back-pressure and vacuum on the
dehydrogenation and rehydrogenation kinetics of this system have not yet been
clarified fully. On the other hand, for both reactions (5.1) or (5.2), the observed
reaction kinetics for the LiBH4-MgH2 composite system are slow, and temperatures
above 400 °C are needed to attain a reasonable desorption rate. Therefore, many
improvements have been successfully researched to enhance the dehydrogenation
and rehydrogenation properties of the LiBH4-MgH2 composite system, such as
reducing the particle size and doping with carbon, metals and metal compounds (e.g.
Mn, Al, Nb2O5, Sc2O3, ZrCl4, VCl3, TiF3, etc.) [19-30]. However, the enhancement is
still not enough to fulfil the requirements on the reaction kinetics for efficient
hydrogen storage for mobile applications at present. Moreover, the effects of these
additives on the hydrogen storage properties of LiBH4-MgH2 have only been
investigated under hydrogen back pressure or vacuum. Therefore a comparative
study of the hydrogen back-pressure and static vacuum effects on the
dehydrogenation and rehydrogenation kinetics of the LiBH4-MgH2 system with and
without additive is highly desirable.
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Motivated by these considerations, in this work, the effect of hydrogen backpressure and vacuum on the hydrogen desorption and absorption kinetics of the
LiBH4-MgH2 system with and without additive (NbF5) have been comparatively
investigated with a series of hydrogen release and uptake experiments. Furthermore,
we have focused on catalyst screening, which is expected to promote the sluggish
kinetics of the LiBH4-MgH2 system, in particular to find an effective additive which
not only lowers the dehydrogenation temperature of MgH2 and LiBH4, but also
promotes the formation of MgB2 compound. The outcomes of this work will be
helpful to give more scientific insight into the operational conditions and selection of
catalysts for improving the LiBH4-MgH2 system for practical application.
5. 2 Combined effect of hydrogen back-pressure and NbF5 on the hydrogen
storage properties of LiBH4-MgH2 composite

5.2.1 Preparation
The NbF5-doped LiBH4-MgH2 system was prepared by ball milling LiBH4,
MgH2, and NbF5 in a molar ratio of 2:1:0.1 for 2 h. A pristine LiBH4-MgH2 sample
with a molar ratio of 2:1 was also prepared under the same conditions for comparison.
The ball milling was undertaken in a planetary QMSP2 ball mill. The milling
parameters were kept constant for all trials, and the samples were milled at 400 rpm
using stainless steel balls 10 mm in diameter and with a ball-to-powder weight ratio
of 30:1.
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5.2.2 Effect of NbF5 on the nonisothermal dehydrogenation of the LiBH4MgH2 composite system
Figure 5.1(a) presents the x-ray diffraction (XRD) patterns for the LiBH4MgH2 and LiBH4-MgH2-NbF5 composite samples after 2 h of ball-milling. No
reaction product between LiBH4 and MgH2 can be found in the pristine LiBH4-MgH2
mixture, indicating that reactions among the initial phases do not occur during the
preparation. However, in addition to the initial phases of LiBH4 and MgH2, new
phases corresponding to Nb and LiF were detected in the LiBH4-MgH2-NbF5
composite sample, indicating that a chemical reaction between LiBH4 and NbF5
during ball milling may take place, in good agreement with our observation that the
pressure inside the jar increased after ball milling. This reaction describes the
reduction of the halide by the borohydride. Similar reduction reactions have been
well studied for LiBH4 when they are ball-milled or heated together with metal
halides.

Figure 5.1 XRD patterns (a) and FTIR spectra (b) of the LiBH4-MgH2 and LiBH4MgH2-NbF5 samples after 2 h ball milling.
In further Fourier transform infrared spectroscopy (FTIR) examination, that
signature B–H vibrations of LiBH4 at 1125, 2221, 2296 and 2380 cm-1 were observed
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in both the pristine and the doped samples (Fig. 5.1(b)), indicating the presence of
LiBH4 in the post-milled samples. The peak at 1633 cm-1 belongs to the O-H bond
[31]. Combining to the XRD and FTIR results, we believe that the as-milled pristine
sample is merely a physical mixture of the two phases of LiBH4 and MgH2. In
contrast, the NbF5 can react with LiBH4 to form Nb and LiF during ball milling in
the case of the NbF5 doped sample, which may contribute to the enhancement of the
dehydrogenation and rehydrogenation kinetics of the LiBH4-MgH2 composite system
and will be discussed below.
Figure 5.2(a) contains the non-isothermal dehydrogenation profiles of the
LiBH4-MgH2 system with and without NbF5 obtained by thermogravimetry (TG).
For the pristine LiBH4–MgH2 sample, the dehydrogenation profile shows clear twostep features, which can be attributed to the decomposition of MgH2 and LiBH4,
respectively, with increasing temperature. The first hydrogen desorption started at
around 360 °C. Further heating led to a second decomposition at 384 °C, and a total
hydrogen release capacity of 11.3 wt% was obtained below 500 °C. However, unlike
the pristine sample, the NbF5-doped LiBH4-MgH2 sample started to release hydrogen
at a low temperature (∼90 °C), which may be due to a possible reaction between
LiBH4 and NbF5 that forms more stable reaction products such as LiF and Nb, as in
the XRD results on the as-milled sample. Further heating caused its second
dehydrogenation at 250 °C, corresponding to the decomposition of MgH2, which is
110 °C lower than for the pristine sample. Still further heating leads to a third
dehydrogenation corresponding to the decomposition of LiBH4, and the total
dehydrogenation can be completed at 390 °C, which is much lower than for the
pristine sample (~500 °C). These results indicate that the first and second-step
dehydrogenation of the MgH2-LiBH4 system can be significantly improved by
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doping with NbF5. Regretfully, the hydrogen capacities are also decreased due to the
weight of the introduced additive. This is consistent with our initial speculation and
suggests that NbF5 solely acts as a “catalyst” and make no contribution to the Hcapacity of the LiBH4-MgH2 composite system. However, the LiBH4-MgH2-NbF5
sample still has a hydrogen storage capacity of ~8.0 wt %, as shown in the TG results.

Figure 5.2 (a) Thermogravimetry (TG) and (b) differential scanning calorimetry
(DSC) profiles of the LiBH4-MgH2 and LiBH4-MgH2-NbF5 samples.
The differential scanning calorimetry (DSC) curves in Figure 5.2(b) reflect
the thermodynamic behaviour of the LiBH4-MgH2 samples with and without NbF5
doping. Four endothermic peaks were found on the DSC profile for the two samples.
These features can be assigned to the phase transition of LiBH4, the melting of
LiBH4, the decomposition of MgH2, and the hydrogen desorption of LiBH4,
respectively. Interestingly, the LiBH4-MgH2-NbF5 sample has a lower phase
transition and melting temperature compared to the pristine LiBH4-MgH2 sample. In
particular, the peak temperature for the dehydrogenation of MgH2 and LiBH4 in the
LiBH4-MgH2 sample is significantly reduced. The peak temperature for the
dehydrogenation of MgH2 and LiBH4 can be reduced from 387 and 463 °C to 323
and 387 °C, respectively. These results agree well with the TG results (Figure 5.2(a))
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and further confirm the effect of NbF5 on the decomposition of the LiBH4-MgH2
system.
5.2.3 Effect of hydrogen back pressure and NbF5 on the isothermal
dehydrogenation and subsequent rehydrogenation kinetics of the LiBH4MgH2 composite system
Figure 5.3(a) presents the isothermal dehydrogenation profiles of the LiBH4MgH2 system with and without NbF5 doping under static vacuum and 5.5 bar
hydrogen back-pressure at 400 °C, respectively. Clearly, a two-step dehydrogenation
reaction was observed in all cases, which would correspond to the decomposition of
MgH2 and LiBH4, respectively agreeing well with a previous report that no
simultaneous desorption of H2 from MgH2 and LiBH4 without intermediate
formation of metallic Mg could be observed [14]. Meanwhile, the first
dehydrogenation for the LiBH4-MgH2 system, whether under a 5.5 bar hydrogen
back-pressure or under vacuum, is almost the same, which may be due to the fact that
400 °C is above the decomposition temperature of MgH2 (Fig. 5.2), resulting in fast
kinetics. However, the second-step dehydrogenation behaviour of the system is
somewhat different. For the pristine sample, the second dehydrogenation starts
quickly after the first dehydrogenation has finished, and saturation of the
dehydrogenation process can be limited to within 3 h if the dehydrogenation is
conducted under vacuum. In contrast, if the dehydrogenation is conducted under 5.5
bar hydrogen back-pressure, the dehydrogenation nearly stops after the completion of
the first-step dehydrogenation, and an incubation period of about 9.5 h was observed
before the beginning of second-step dehydrogenation, with most hydrogen desorbed
between 9.5 and 24 h. Obviously, the system presents much faster dehydrogenation
kinetics when starting from vacuum. After doping with NbF5, the dehydrogenation
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was enhanced under either vacuum or 5.5 bar hydrogen back-pressure. In the case of
static vacuum, the total dehydrogenation of the doped sample can be completed
within 0.5 h, which is 2.5 h shorter than for the pristine sample. In particular, the
addition of NbF5 has a significant effect on the incubation period as well as on the
reaction kinetics of the second reaction step under 5.5 bar hydrogen back-pressure, in
that the second-step dehydrogenation quickly started as soon as the first step
dehydrogenation was finished, and almost no incubation period was observed for the
NbF5-doped sample. Saturation of the hydrogen release process can be limited to
within 1 h for 0.1 NbF5 addition, which is much shorter than for the pristine sample
(~ 24 h).

Figure 5.3 (a) Isothermal dehydrogenation profiles of the LiBH4-MgH2 and LiBH4MgH2-NbF5 samples at 400 °C under hydrogen back-pressure and static vacuum,
respectively, with the inset showing a shorter time frame; and (b) isothermal
dehydrogenation profiles of the LiBH4-MgH2 and LiBH4-MgH2-NbF5 samples at 370
°C under hydrogen back-pressure
On reducing the dehydrogenation temperature and pressure down to 370 °C
and 5 bar (see Fig. 5.3(b)), the incubation period is still observed for the pristine
sample, but has disappeared for the doped sample. For the pristine sample, the
incubation period extends from 1.5 h to 18.5 h, which is much longer than at 400 °C
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(9.5 h), and the total dehydrogenation is still not completed within 40 h. In contrast,
the total dehydrogenation for the doped sample is saturated within 16.5 h, which is
much shorter than for the pristine sample. These results further confirmed the
catalytic role of NbF5 on the dehydrogenation of the LiBH4-MgH2 composite system.
Compared to the case of 5.5 bar hydrogen back-pressure, the pristine or
doped sample exhibited faster dehydrogenation kinetics when the dehydrogenation
was conducted under vacuum. One of the reasons is the fact that the low pressure
environment is favourable for the hydrogen release reaction, resulting in reduced
decomposition temperature and faster kinetics. On the other hand, the reaction
pathway in the different environment may also be different as previous report [9-17].
To understand the dehydrogenation mechanism, structural changes of the LiBH4MgH2 sample with and without NbF5 doping were examined after dehydrogenation
under vacuum and 5.5 bar hydrogen back-pressure by means of XRD and FTIR, as
shown in Figure 5.4. It can be seen from Fig. 5.4(a) that the major diffraction peaks
for the pristine and doped samples dehydrogenated under vacuum at 400 °C are Mg
or Li-Mg alloy (with Li-Mg alloy and Mg peaks overlapping in the XRD patterns).
The formation of elemental boron is very hard to identify by means of XRD, due to
the fact that the boron phase in the dehydrogenated samples that contained LiBH4 is
usually amorphous. Meanwhile, some residual LiBH4, MgH2, and small traces
corresponding to LiH and MgO for the pristine sample, and Nb and LiF for the
doped are also present. On the other hand, dehydrogenation under hydrogen backpressure at 400 °C results in completely different features. The major phase for the
pristine and doped samples after dehydrogenation is MgB2, as well as some residual
LiBH4, MgH2, and small traces corresponding to LiH and MgO for the former, and
Nb and LiF for the latter, which is different from the case of the samples after
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dehydrogenation under dynamic vacuum. Apparently, the main phases after
dehydrogenation for the LiBH4-MgH2 sample with and without NbF5 doping depend
on the environment, agreeing well with previous report that the presence of hydrogen
back-pressure evidently drives the formation of MgB2 [6,9,11-14].

Figure 5.4 XRD patterns (a) and FTIR spectra (b) of the 2LiBH4-MgH2 samples
after dehydrogenation under (i) hydrogen back-pressure and (iii) static vacuum, and
the LiBH4-MgH2-NbF5 samples after dehydrogenation under (ii) hydrogen backpressure and (iv) static vacuum.
The changes in the structure during dehydrogenation for the different cases
were further investigated by FTIR examination, as shown in Fig. 5.4(b). It can be
seen that for the pristine sample dehydrogenated under dynamic vacuum or hydrogen
back-pressure, the peak for the B-H vibration of LiBH4 is still observed, agreeing
well with the XRD results (Fig. 5.4(a)) and indicating the dehydrogenation of LiBH4
under these conditions was not fully completed. However, the B-H vibration of
LiBH4 for the doped sample has almost disappeared, indicating that the
dehydrogenation of LiBH4 is promoted under catalyst, agreeing well with the XRD
results (Fig. 5.2(a)). In addition, a new weak signal around 2475 cm-1 was also
observed in the pristine sample after dehydrogenation, whether under hydrogen back
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pressure or dynamic vacuum, and in the doped sample after dehydrogenation under
dynamic vacuum. The IR peak occurring at round 2500 cm-1 was also been seen by
Muetterties et al. from studying the decomposition products of pure LiBH4 [32].
Recent theoretical and experimental investigations revealed the formation of
Li2B12H12 as an intermediate step or as a side reaction during the decomposition of
LiBH4, whether pure or in the composite, according to LiBH4→1/12Li2B12H12 +
5/6LiH + 13/12H2→LiH + B + 3/2H2 [33-37]. Therefore, this IR activity may
possibly be due to the trace amounts of Li2B12H12. After rehydrogenation, the
vibration corresponding to be [B12H12]2- group was still present, and no apparent
change was observed. However, the peak intensity of the B-H vibration of LiBH4
clearly increases compared to dehydrogenated state under either hydrogen backpressure or static vacuum, indicating that the dehydrogenated product has partially
reverted back to LiBH4 during hydrogen absorption.
Figure 5.5 compares the isothermal hydrogenation profiles of the pristine and
doped LiBH4-MgH2 samples after dehydrogenation under dynamic vacuum and 5.5
bar hydrogen back-pressure, respectively. The rehydrogenation of the samples was
conducted under ∼55 bar of H2 at 400 °C. Unlike dehydrogenation, rehydrogenation
with faster kinetics and higher capacity was observed in the case of hydrogen backpressure. For the pristine sample, the hydrogenation process for the case in which
the dehydrogenation was conducted under 5.5 bar hydrogen back-pressure can be
limited to within 2.5 h, and 7.4 wt % hydrogen was absorbed. In contrast, the
hydrogenation process in the case of vacuum was still not finished after 10 h, and the
absorbed hydrogen only amounted 4.4 wt %, which is 3 wt % lower than in the
former case. After doping with NbF5, the rehydrogenation kinetics for the LiBH4MgH2 sample is also enhanced both under the hydrogen back-pressure and under
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dynamic vacuum. For the doped sample, 6.0 wt % hydrogen can be absorbed within
10 h in the case of dynamic vacuum, which is larger than for the pristine sample
under the same conditions, but is lower than for the doped sample if dehydrogenation
was conducted under 5.5 bar hydrogen back-pressure. As also shown in Fig. 5.5, for
the case of hydrogen back-pressure, a hydrogen absorption capacity of 6.8 wt % was
reached in 15 min, and saturation of the absorption can be achieved within 1 h with a
capacity of 7.6 wt %, which is shorter than for the pristine sample. These results
indicate that the presence of hydrogen back-pressure during dehydrogenation is
favourable for the hydrogenation kinetics and capacity of the LiBH4-MgH2 system
thereafter, and the kinetics and capacity can be further improved with catalyst doping.

Figure 5.5 Isothermal hydrogen absorption profile of LiBH4-MgH2 samples after
dehydrogenation under (i) static vacuum and (iii) hydrogen back-pressure, and the
LiBH4-MgH2-NbF5 samples after dehydrogenation under (ii) static vacuum and (iv)
hydrogen back-pressure.
XRD and FTIR analysis was carried out on the dehydrogenated LiBH4-MgH2
samples with and without NbF5 doping under hydrogen back-pressure and static
vacuum after hydrogenation at 55 bar and 400 °C to determine the rehydrogenation
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products, as shown in Figure 5.6. For the doped sample, Nb, LiF, and MgH2 can be
observed in the cases of both vacuum and hydrogen back-pressure, however, LiBH4
was not detected in the former case, although it was observed in the latter (Fig.
5.6(a)). Typical features of the [BH4]- group can be observed in the spectra for both
cases, where the B-H bending vibration (~1125 cm-1) and B-H stretching vibration
(2221, 2296, and 2380 cm-1) were detected, indicating the recombination of MgH2
and LiBH4 (Fig. 5.6b). In addition, the vibration corresponding to the [B12H12]2group was also observed in the case of vacuum.

Figure 5.6 XRD patterns (a) and FTIR spectra (b) of the hydrogenated LiBH4-MgH2
samples when the dehydrogenation was conducted under (i) static vacuum or (ii)
hydrogen back-pressure; and the hydrogenated LiBH4-MgH2-NbF5 samples when
the dehydrogenation was conducted (iii) static vacuum or (iv) hydrogen backpressure.
For the pristine sample, LiBH4 and MgH2 phases were observed in the cases
of both vacuum and hydrogen back-pressure. Meanwhile, the vibration of the [BH4]group was further confirmed in FTIR spectra (Fig. 5.6(b)). In addition, the vibration
corresponding to the [B12H12]2- group was also observed in both the cases. It is not
clearly that that the Li2B12H12 was generated during rehydrogenation because the the
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features of the [B12H12]2- group were also observed in the dehydrogenated sample.
However, the re-hydrogenated sample may consist of two species, viz., MgH2 and
LiBH4, indicating that part of the dehydrogenated product reverses back to the
starting reactants with hydrogen absorption.
5.2.4 Combined effect of hydrogen back-pressure and NbF5 on the reversible
cycling of the LiBH4-MgH2 composite system
As discussed above, it has been clearly shown that the hydrogen backpressure facilitates the formation of MgB2, which plays a crucial role in enhancing
the absorption kinetics and increasing the reversible hydrogen storage capacity of the
LiBH4-MgH2 system. Therefore, the cycling performance of the LiBH4-MgH2
system with and without NbF5 was further characterized by dehydriding it at 400 °C
under 5.5 bar H2, followed by subsequent rehydrogenaiton at 400 °C under 55 bar H2,
as shown in Figure 5.7. Fig. 5.7a reveals the dehydrogenation cycling properties of
the pristine and NbF5 doped samples. It is clear that for the pristine sample, an
incubation period of about 9.5 h was observed before the beginning of the
decomposition of LiBH4 in the first dehydrogenation (Figs. 5.7(a), 5.3(a)). However,
the incubation period is almost eliminated after cycling. Moreover, the dehydriding
kinetics gradually improved within three cycles. However, the dehydrogenation
kinetics is still slow for practical application, and over 5 h is required to complete the
total dehydrogenation. In contrast, the NbF5 doped sample can complete its
dehydrogenation within 1 h. Moreover, the dehydrogenation rate increases with the
initial cycle times and become stable after two cycles. In addition, almost no capacity
loss over the cycling was observed. Fig. 5.7(b) reveals the rehydrogenation cycling
properties of the pristine and NbF5 doped samples. It can be seen that the absorption
reaction of the pure or NbF5 doped samples remains very similar with the ongoing
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cycling reactions. However, similar to the dehydrogenation performance, the NbF5
doped sample shows faster rehydrogenation kinetics compared to the pristine sample.
The results show that the NbF5 can absorb most of its hydrogen within 10 min, which
is much shorter than for the pristine sample (> 40 min). Importantly, the
rehydrogenation capacity of LiBH4-MgH2-NbF5 (6.6 wt % H2, 10 min) is higher than
that of the LiBH4-MgH2 (6.3 wt % H2, 40 min). The results indicate the
dehydrogenation and rehydroenation kinetics of LiBH4-MgH2-NbF5 is superior to
that of the LiBH4-MgH2, and the performance persists well after cycling.

Figure 5.7 Dehydrogenation (a) and hydrogenation (b) curves of the LiBH4-MgH2
and LiBH4-MgH2-NbF5 samples with cycling.
XRD patterns and FTIR spectra were collected after the 4th dehydrogenation
and rehydrogenation cycle for the pristine sample and after 10th dehydrogenation and
rehydrogenation cycle for the doped sample, as shown in Figure 5.8. For the doped
sample, MgB2 and LiH appeared after dehydrogenation, but disappeared along with
the generation of MgH2 from the XRD results. The FTIR results revealed the typical
feature of the [BH4]- group after rehydrogenation, but it disappeared after
dehydrogenation. The results indicate that full recombination occurred by the
reaction: LiH + MgB2 = 2LiBH4 + MgH2. However, the reaction for the pristine
sample is not complete, as MgB2 was detected in both the dehydrogenation and the
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rehydrogenation states. The FTIR results also revealed the feature of the [BH4]group in these states. In addition, the vibration corresponding to the [B12H12]2- group
was also observed in these two states. The difference may due to the presence of Nb
and LiF, which are observed in the dehydrogenated and rehydrogenated states in the
NbF5 doped LiBH4-MgH2 samples, which may catalytically promote the
dehydrogenation and rehydrogenation reactions. On the other hand, there is residual
MgB2 after cycling for the pristine sample, which may play an important role in the
suppression of the incubation period.

Figure 5.8 XRD patterns (a) and FTIR spectra (b) of the LiBH4-MgH2-NbF5 sample
(i) after the 10th dehydrogenation under hydrogen back-pressure and (iii)
rehydrogenation after the 10th dehydrogenation; and the LiBH4-MgH2 sample (ii)
after the 10th dehydrogenation under hydrogen back-pressure and (iv)
rehydrogenation after the 10th dehydrogenation.

5.2.5 Discussion
It is clear that the LiBH4-MgH2 composite system shows two-step
dehydrogenation characteristics, whether under static vacuum or hydrogen backpressure, corresponding to the decomposition of MgH2 and LiBH4, respectively.
However, there is a significant difference in the decomposition of LiBH4 and the
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subsequent rehydrogenation. The decomposition of LiBH4 under static vacuum
starts quickly after the dehydrogenation of MgH2, but a long incubation period was
observed before the slow decomposition of LiBH4 under hydrogen back-pressure.
The XRD results revealed that the dehydrogenation products for these two cases are
totally different; the former mainly consists of Li-Mg (Mg) and amorphous B
(under static vacuum), but MgB2 was formed in the latter case (under hydrogen
back pressure). Bösenberg et al. [13] demonstrated an interface-controlled onedimensional growth mechanism for the formation of MgB2, where nucleation
restriction will occur due to the significant mass transport in the composite during
the reaction, the low mobility of atoms and ions, and the length scales of the phase
separation. However, Shim et al. [38] assumed that a similar incubation period in
their LiBH4-YH3 system was due to the presence of a coherent surface oxide layer
on the YH3 particles, which acts as a kinetic barrier to the reaction between LiBH4
and YH3. Indeed, this makes sense, if one considers the passivation layer or longrange diffusion of the species as one of the main kinetic barriers. Moreover, the
incubation disappeared after cycling, which is probably due to the effect of the
residual MgB2, which may play an important role in the suppression of the
incubation period. The significant increase in both the absorption kinetics and the
reversible hydrogen storage capacity of this system when the dehydrogenation was
conducted under hydrogen back-pressure can be attributed to the formation of
MgB2, because the activation energy needed to break the Mg–B bond is lower than
for the B–B bond.
Doping

with NbF5

leads to

a significant

enhancement

in the

dehydrogenation under either static vacuum or hydrogen back-pressure. For
example, the LiBH4-MgH2-NbF5 sample started to release hydrogen at around 90
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°C and completed the dehydrogenation at 390 °C under static vacuum. In contrast,
the pristine sample started to release hydrogen at 350 °C and ended at above 460 °C
(Fig. 5.3a). In particular, doping with NbF5 increased the hydrogen desorption
kinetics under hydrogen back-pressure, so that the saturation of the hydrogen
release process can be limited to within 1 h, compared to 25 h for the pristine
sample, and no incubation period was observed for the NbF5-doped sample
compared to the 9 h incubation period

for the pristine sample (Fig. 5.3).

Rehydrogenation testing also revealed a significant enhancement in the subsequent
rehydrogenation, in both the rate of absorption and in the weight percentage of
hydrogen absorbed (Fig. 5.5). However, a much higher absorbed capacity was
achieved when dehydrogenation took place under hydrogen back pressure. In
particular, the doped sample showed good cycling performance if the
dehydrogenation was conducted under hydrogen back-pressure. All in all, the
results show that using hydrogen back-pressure and effective catalysts is the key to
promote the dehydrogenation and rehydrogenation kinetics of the system.
From a careful examination of the doped sample after ball milling and
dehydriding/hydriding cycling, it appears that it contains Nb and LiF, which is
possibly due to the reaction of NbF5 with LiBH4, and they probably play a role as
active species. However, doping with pure Nb or LiF was found to exert no
appreciable influence on the second-step dehydriding properties of the LiBH4MgH2 composite system, corresponding to the decomposition of LiBH4 (Fig. 5.9).
The results indicate that LiF or bulk Nb are not essentially responsible for the
improved overall sorption behaviour.
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Figure 5.9 TPD profiles of the 2LiBH4-MgH2 system, with and without additives.
In order to obtain detailed chemical information on the Nb and F species, xray photoelectron spectroscopy (XPS) measurements were further carried out on the
ball milled, dehydrogenated and rehydrogenated LiBH4-MgH2-NbF5 samples. For
comparison, the spectra of commercial Nb and LiF powder are also included. For
the F anion, only one chemical state of F was identified throughout the ball milling,
dehydrogenation and rehydrogenation processes of the LiBH4-MgH2-NbF5 sample,
which corresponds well to LiF (Fig. 5.10(a)). These results suggest that the F anion
was stabilized in the form of LiF, agreeing well with the XRD results. It has been
theoretically and experimentally demonstrated that the fluorine anion may
substitute for H in both the hydrogenated (LiBH4) and dehydrogenated (LiH) states
of the hydride, and accordingly, result in favourable thermodynamics modification
[39-40]. However, in our case, no direct evidence was obtained from XRD, FTIR,
or XPS results. Moreover, the anion may play only a minor role in the hydrogen
sorption performance of doped LiBH4-MgH2 compared to the metal catalyst as
demonstrated in doped NaAlH4.

151

Figure 5.10 (a) F 1s and (b) Ti 2p XPS photoelectron lines for the LiBH4-MgH2NbF5 sample in varying states: as-milled (BM); dehydrogenated (De); and
hydrogenated (Re). Commercial Nb and LiF powder were also include for
comparison purposes.
The XPS results also revealed that the milling, dehydrogenation and
rehydrogenation processes resulted in the appearance of the Nb3d3/2 and Nb3d5/2
lines from Nb. However, all the peaks show little shift compared to that of the
commercial Nb, indicating that intermediate valence states between 0 and +5 may
be present in the milled, dehydrogenated and rehydrogenated samples. On the other
hand, it is noteworthy that for the LiBH4-MgH2-NbF5 sample, there would be
numerous defects and strains for the as-formed Nb after the milling and heating
processes, which might lead to the observed binding energy shift of the Nb peak
between the as-formed Nb and the commercial Nb. Since the direct addition of Nb
is not essentially responsible for the improved overall sorption behaviour, appears
like that the reduction of Nb5+(NbF5) to the lower and zero valence states plays an
important role in the catalytic activity of Nb species. Similar results have been
suggested that the partially reduced Nb species with a wide range of valence might
play a major role in catalyzing the de/rehydrogenation of MgH2 [41,42]. On the
other hand, unlike the direct use of bulk Nb, the use of NbF5 can provide fresh Nb
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in small particles and without any passivation layer through the reduction reaction
with LiBH4. For example, Hanada et al. showed that after milling, the catalyst is
homogeneously distributed on the nanometer scale, and they demonstrated that a
nanostructured catalyst gives enhanced sorption properties compared to its micronsized counterparts [43]. On the other hand, the crystallite sizes in MgH2-LiBH4 stay
small when NbF5 is added. The reduced crystallite size could be related to the
presence of a grain refiner that appears during the reaction of NbF5 and LiBH4.
There is likely to be a role for vacancies or defects and the presence of grain
refiners, formed during the decomposition of NbF5 and the formation of Nb and
LiF. These features promote the diffusion process by reducing the diffusion paths.
Similar results have been reported in the study of TiCl3 doped NaAlH4 [44]. In fact,
it has been recognized that milling magnesium with a metal oxide gives a smaller
average particle size than when the milling is performed with a metal [45].
5. 3 Enhanced hydrogen sorption properties in the LiBH4–MgH2 system
catalysed by Ru nanoparticles supported on multiwalled carbon
nanotubes

5.3.1 Preparation

5.3.1.1 Preparation of Ru/C Catalyst
The multiwalled carbon nanotubes (MWNTs) were first prepared by catalytic
chemical vapor deposition (CVD), using nanosized cobalt as the catalyst [46]. The
MWCNTs were first treated in concentrated HNO3 at 393K for 2 h. Then, the
mixture was diluted with water, filtered, washed with excess deionized water, and
dried at 60 °C in a vacuum oven. After that, Ru–MWCNTs (Ru/C) catalysts were
prepared by microwave heating of an ethyleneglycol (EG) solution of RuCl3·xH2 O
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with MWCNTs suspended in the solution. A typical preparation would consist of the
following steps: 400mg pretreated MWNTs, 15 ml of 0.05M RuCl3·xH2O (Aldrich,
A.C.S. Reagent) in EG solution, and 30 ml of 0.04M KOH were mixed with 100ml
of EG (Aldrich) in a beaker and ultrasonicated with an ultrasonic probe for 4 h. The
beaker was placed in the centre of a microwave oven and heated for 2 min under a
microwave power of 800 W, at which point Ru particles were reduced from the
solution [47, 48]. The as-prepared suspension was filtered, and the residue was
washed with acetone and de-ionized water. Finally, the prepared Ru/C catalyst was
dried under vacuum at room temperature.
5.3.1.2 Preparation of LiBH4-MgH2 samples
The starting materials MgH2 (98% purity) and LiBH4 (95% purity) were
purchased from Sigma–Aldrich Co. and used directly without pretreatment. A
mixture of 2LiBH4+MgH2 with 10 wt % Ru/C added was ball milled for 2 h at a rate
of 400 rpm in a QM-2SP planetary ball mill. The ball-to-powder ratio was around
30:1. For comparison purposes, a 2LiBH4+MgH2 mixture without Ru/C was also ball
milled and examined under the same conditions. All sample storage and handling
were performed in an Ar filled glove box (MBraun Unilab).
5.3.2 Catalyst characterization
It is well known that MWCNTs have a hydrophobic surface, which results in
aggregation in polar solvent. Therefore it is necessary to functionalize the surface of
MWNTs by acid treatment in order to facilitate the deposition of a large amount of
Ru nanoparticles with uniform distribution. Typical scanning electron microscope
(SEM) images of as-prepared Ru/C catalysts are shown in Figure 5.11(a). It can be
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seen that Ru nanoparticles (bright spots) are uniformly distributed among the
MWCNTs.

(a)

(b)

Figure 5.11 (a) SEM image of the as-prepared Ru/C catalyst, and (b) EDS patterns
of the Ru/C catalyst.
Figure 5.11(b) presents a typical energy dispersive spectroscopy (EDS) pattern
of the as-prepared Ru/C catalyst, which indicates the presence of Ru. The amount of
Ru nanoparticles loaded on the MCWNT supports was also estimated by semiquantitative EDS, and it was found that the Ru nanoparticles are about 20 wt% of the
total Ru-MCWNT composite.

Figure 5.12 TEM image of the as-prepared Ru/C catalyst

155

The general distribution of Ru nanoparticles on the surfaces of the MWCNTs is
further characterized by transmission electron microscopy (TEM) as shown in Figure
5.12. It can be seen that the surfaces of the MWCNTs were uniformly decorated by
Ru nanoparticles with average particle sizes in the range of 2-5 nm.
5.3.3 Hydrogen desorption performance of the Ru-catalyzed LiBH4–MgH2
material
Property examination shows that the Ru/C catalyst is effective for enhancing
the hydrogen desorption of the 2LiBH4 + MgH2 material. Figure 5.13 presents the
temperature-programmed desorption (TPD) curves and the differentiated TPD
(DTPD) curves for the dehydrogenation of undoped and Ru/C doped LiBH4-MgH2
samples. Both the doped and undoped samples show a clear two-step
dehydrogenation, which corresponds to the decomposition of MgH2 and LiBH4,
respectively, with increasing temperature.

Figure 5.13 (a) TPD and (b) DTPD curves of 2 h ball milled LiBH4-MgH2 mixtures
with and without catalyst addition. The heating ramp for all the samples was 2
°C/min.
From the TPD results (Figure 5.13(a)), we find that the first hydrogen
desorption for the undoped sample starts at around 360 °C. Further heating leads to a
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second dehydrogenation starting at around 380 °C, and a total hydrogen release
capacity of 11 wt % was obtained by 500 °C. After doping with Ru/C, the system
started to release hydrogen at around 310 °C and reached its second-step hydrogen
release process at 360 °C, which is 50 °C and 20 °C lower than for the undoped
sample, respectively. Meanwhile, two main peaks of hydrogen evolution located at
374 and 446 °C can be observed in the DTPD results (Figure 5.13(b)). After doping
with Ru/C, the peak temperature for the first and second dehydrogenation of the
doped sample is 344 and 427 °C, which is 30 and 19 °C, respectively, lower than for
the undoped sample. These results indicate that the dehydrogenation properties of
LiBH4-MgH2 were improved by Ru/C catalyst doping.

Figure 5.14 Hydrogen desorption curves of the plain LiBH4-MgH2 system at 300 (a),
350 (c), and 380 °C (e). Hydrogen desorption curves of the Ru/C catalyzed LiBH4MgH2 system at 300 (b), 350 (d), and 380 °C (f).
In order to judge the dehydrogenation kinetics of the Ru/C catalyzed LiBH4MgH2 sample, isothermal dehydrogenation was studied at 300, 350, and 380 °C,
respectively, as shown in Figure 5.14. The dehydrogenation kinetics of pure LiBH4MgH2 sample was also examined for comparision. It can be seen that there are two
stages in the dehydriding process for the two samples at 350 and 380 °C: fast
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dehydriding in the first short period, corresponding to the decomposition of MgH2,
and slow dehydriding thereafter, which results from the dehydriding of LiBH4. The
figure also shows that the dehydrogenation process for the Ru/C doped LiBH4-MgH2
sample is saturated, with a capacity of 8.39 wt % within 2 h at 380 °C, while only
6.37 wt % hydrogen was released for the undoped sample under the same conditions
and the dehydrogenation was still proceeding even after 5 h. At 350 °C, the undoped
sample only released 4.45 wt % hydrogen within 5 h, which is much lower than for
the doped sample (6.98 wt %). At 300 °C, the hydrogen release is mainly attributed
to the dehydrogenation of MgH2 in both samples, in which only 0.83 wt % hydrogen
was released from the undoped sample after 5 hours, while 2.2 wt % hydrogen was
released from the Ru/C doped sample. These results indicate that the
dehydrogenation kinetics of the LiBH4-MgH2 system is significantly improved by
doping with Ru/C. In particular, the catalytically enhanced kinetics arising from the
addition of Ru/C catalyst is achieved without penalty to the practical capacity of the
materials, indicating that the added catalyst activates more 2LiBH4 + MgH2
component to participate in the dehydrogenation reaction at these temperatures.
5.3.4 Hydrogen absorption performance of the Ru-catalyzed LiBH4–MgH2
material
The addition of Ru/C catalyst was also highly effective for improving the
rehydriding process in the LiBH4-MgH2 system under more moderate conditions.
Figure 5.15 compares the rehydrogenation kinetics of the neat and Ru/C catalyzed
systems under the initial pressure of 4 MPa H2 at 500 °C. Clearly, enhanced
rehydrogenation kinetics and increased hydrogen recharging were observed in the
Ru/C catalyzed sample. In the case of the Ru/C catalyzed sample, a hydrogen
absorption capacity of 5.4 wt % was reached in 2 h. Furthermore, the sample can
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absorb 7.5 wt % hydrogen within 8 h, which is 2.2 wt % higher than for the neat
sample under the same conditions.

Figure 5.15 Comparison of hydrogen absorption curves for the un-catalyzed and
catalyzed LiBH4-MgH2 system at 500 °C under 4 MPa hydrogen.
Further study indicates that the Ru/C catalyzed sample has good
de/rehydrogenation cyclic properties. Figure 5.16 compares the rehydrogenation
capacity of the neat and Ru/C catalyzed systems under the initial pressure of 4 MPa
H2 at 500 °C for 9h.

Figure 5.16 Rehydrogenation cycling of un-catalyzed and Ru/C catalyzed of LiBH4MgH2 samples at 500 °C under 4 MPa hydrogen.
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As shown in Figure 5.16, the rehydrogenation capacity of the Ru/C catalyzed
sample at the first and the third cycles is almost the same, 7.8 wt % in the first cycle,
and 7.6 wt % after three cycles. In contrast, the rehydrognation capacity for the neat
sample is reduced from 5.8 wt % for the first cycle to 5.4 wt % for the third circle.
The well maintained rehydrogenation capacity in Ru/C catalyzed sample indicates
that the Ru/C catalyst has a good catalytic activity even after several cycles.
5.3.5 Structure and catalytic mechanism studies
Figure 5.17 shows the XRD patterns of the as-prepared Ru/C catalysed
LiBH4-MgH2 sample and of the same sample after dehydrogenation and subsequent
rehydrogenation. After ball milling, the sample showed the characteristics of a
physical mixture of MgH2 and LiBH4, but no peaks related to the catalyst were
observed due to the very low concentration and nanocrystalline phase. However,
after heating to 500 °C, the MgH2 and LiBH4 peaks were absent, and new
compounds, corresponding to Mg, Li-Mg alloy, LiH, and some MgB2 (with Li-Mg
alloy and Mg peaks overlapping in the XRD patterns), were observed.

The

decomposition product B from LiBH4 is suggested to be in the amorphous state, and
therefore, cannot be detected. The results are in good agreement with previous
reports, in which the formation of MgB2 is suggested to need hydrogen back pressure
above 3 bar upon dehydrogenation [9, 11-14]. It is also suggested that the formation
of MgB2, rather than B, might promote the rehydrogenation reaction, as it requires
much less energy to break Mg–B bonding in MgB2 compared to the B–B bonding in
bulk B [49]. It has also already been reported that mixtures of LiH + 1/2MgB2
including 2-3 mol % TiCl3 can reversibly store 8-10 wt % hydrogen from an initial
hydrogen pressure of 100 bar, beginning at 230-250 °C for 10 h [9]. Meanwhile, Yu
et al. [10] have shown that the dehydrogenated LiBH4–MgH2 can be rehydrogenated
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without the formation of MgB2 at 400 °C under 100 bar hydrogen pressure. In this
regard, the reversibility of the reaction does not depend on the formation of MgB2
under high temperature and hydrogen pressure conditions. Here, our results show
that the Ru/C catalysed LiBH4-MgH2 system could reversibly absorb hydrogen under
more moderate conditions. As shown in Figure 5.17, MgH2 and LiBH4 are clearly
reformed from the dehydrogenated products under conditions of 500 °C and 4 MPa
H2 for 9 h. It is believed that the Ru/C catalyst plays an important role in improving
the rehydrogenation kinetics of the LiBH4-MgH2 system by reducing the activation
barriers for the hydrogenation reaction.

Figure 5.17 XRD patterns of the Ru/C catalyzed LiBH4-MgH2 system: as-milled;
after dehydrogenation at 500 °C; and after the first rehydrogenation at 500 °C under
4 MPa hydrogen.
However, full rehydrogenation in the Ru/C catalysed LiBH4-MgH2 system is
still not reached under these moderate conditions, which may due to the strong
boron-boron bonds in elemental boron (ΔHB(s)→B(g) = 560 kJ/mol), resulting in high
kinetic barriers [2]. In this regard, a study of the effect of the application of hydrogen
back-pressure during the dehydrogenation should be conducted, as well as the effect
on the subsequent rehydrogenation under moderate conditions. In addition, MgO was
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also detected in the rehydrogenated state due to slight oxygen contamination from
the XRD measurement or hydrogenation process, which may result in a decrease in
the cycling capacity.
Combined utilization of catalytically active metal nanoparticles and
nanostructured carbon materials to improve the dehydriding/rehydriding properties
of metal hydrides has been intensely developed over the past several decades, where
carbon nanotubes are expected to form a net-like structure after being milled together
with host metal hydrides, thus creating a micro-confined environment for the
decomposition/restoration of hydrides, while the metal nanoparticles have high
catalytic activity. For example, the hydrogen storage properties of MgH2 are
significantly enhanced by introducing carbon nanotubes and metal particles [50,51].
Furthermore, carbon nanotubes and particles of metals such as Pt, Pd, and Ni are also
effective in catalytically enhancing the reversible dehydrogenation of LiBH4 [52-56].
In particular, Wang et. al. [57] reported that the reversible dehydrogenation
properties of the LiBH4–MgH2 system can be considerably improved by
mechanically milling with different carbon additives. In this regard, as a source of
metal nanoparticles and carbon nanotubes, the as-prepared Ru/C provides an ideal
choice for catalysing the dehydrogenation/rehydrogenation of the LiBH4-MgH2
system. Further efforts will focus on the enhancement of the dehydrogenation
kinetics and full reversibility under more moderate conditions by using hydrogen
back-pressure and optimizing the structure and composition of the metal based
catalysts.
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5. 4 Improved reversible dehydrogenation of the LiBH4-MgH2 system by
introducing Ni nanoparticles

5.4.1 Preparation
Two mixtures of 2LiBH4-MgH2-0.5Ni and 2LiBH4-MgH2-0.05Ni were ball
milled for 2 h at a rate of 400 rpm in a QM-2SP planetary ball mill, respectively. The
ball-to-powder ratio was around 30:1. A 2LiBH4-MgH2 mixture was also prepared
under the same conditions for comparison. All sample storage and handling were
performed in an Ar filled glove box (MBraun Unilab).
5.4.2 Hydrogen desorption performance
Figure 5.18 presents the TPD curves and the differentiated TPD (DTPD)
curves for the dehydrogenation of the 2LiBH4-MgH2 (2:1 mole ratio) and LiBH4MgH2-Ni composites (2:1:0.5 and 2:1:0.05 mole ratio, respectively).All the samples
show a clear two-step dehydrogenation, which correspond to the decomposition of
MgH2 and LiBH4, respectively. For the pure 2LiBH4-MgH2 system, the first
hydrogen desorption starts at around 350 °C. Further heating leads to a second
decomposition at 370 °C, and a total hydrogen release capacity of 11 wt % was
obtained below 500 °C. Meanwhile, two main peaks of hydrogen evolution located at
365 and 435 °C can be observed in the DTPD results. After doping with a small
amount of Ni, the 2LiBH4-MgH2-0.05 Ni sample started to release hydrogen at
around 310 °C and reached its first maximum release rate at 331 °C, which is 34 °C
lower than for the pure 2LiBH4-MgH2 sample. However, the same peak temperature
of 435 °C for the second dehydrogenation is observed, indicating that the second
dehydrogenation cannot be improved by doping with a small amount of Ni.
Nevertheless, both the first and the second dehydrogenation steps of the MgH2-
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LiBH4 system can be significantly improved by doping with an increased Ni content.
As shown in Figure 5.18(b), two main dehydrogenation peaks, located at 313 and
410 °C are observed in the DTPD results for the 2LiBH4-MgH2-0.5Ni sample, which
are 52 and 25 °C lower than for the 2LiBH4-MgH2 sample, indicating enhanced
dehydrogenation performance. Although increased doping with Ni will lead to a
reduction in the total hydrogen capacity, the 2LiBH4-MgH2-0.5Ni sample still has a
theoretical hydrogen storage capacity of 8.08 wt %.

Figure 5.18 (a) TPD and (b) derivative DTPD curves of the 2LiBH4-MgH2, 2LiBH4MgH2-0.05Ni, and 2LiBH4-MgH2-0.5Ni samples after ball milling for 2 h in argon.
The heating ramp for all the samples was 5 °C/min.
The thermal decomposition behaviour of the 2LiBH4-MgH2-0.5Ni sample, as
well as of 2LiBH4-MgH2-0.05Ni and 2LiBH4-MgH2 samples, was further
investigated by DSC, and the results are presented in Figure 5.19. Four endothermic
peaks were found on the DSC profiles for the three samples. These features can be
assigned to the phase transition of LiBH4, the melting of LiBH4, the decomposition
of MgH2, and the hydrogen desorption of LiBH4, respectively [11]. The plots for the
there samples show the same temperature of 124 °C for the phase transition of LiBH4.
However, the 2LiBH4-MgH2-0.5Ni sample has the lowest melting point at 278 °C
compared to the other samples, which is 15 and 13 °C lower than for the 2LiBH4-
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MgH2-0.5Ni sample and the 2LiBH4-MgH2 sample, respectively. The results indicate
that a large addition of Ni can reduce the melting point of LiBH4.

Figure 5.19 DSC traces for (a) 2LiBH4-MgH2, (b) 2LiBH4-MgH2-0.05Ni, and (c)
2LiBH4-MgH2-0.5Ni samples, with a heating rate of 10 °C/min.
It also can be seen that the peak temperature for the dehydrogenation of
MgH2 and LiBH4 in the 2LiBH4-MgH2 sample is 387 and 463 °C, respectively. After
adding a small amount of Ni, the peak temperature for the dehydrogenation of MgH2
in the 2LiBH4-MgH2-0.05Ni sample is reduced to 362 °C, but the peak temperature
for the dehydrogenation of LiBH4 is similar (466 °C). However, the peak
temperature for the dehydrogenation of MgH2 and LiBH4 can be reduced to 343 and
437 °C, respectively, when adding a large amount of Ni (2LiBH4-MgH2-0.5Ni
sample). These results agree well with the TPD results (Figure 5.18) and further
confirm the effect of Ni on the LiBH4-MgH2 system. However, the peak temperature
for the decomposition in the DSC is slightly higher than in the TPD (Figure 5.18).
These differences may result from the fact that the dehydrogenation measurement
was run under different conditions in these two cases. The DSC measurement was
conducted under 1 atm argon flow with a 10 °C /min heating rate, while the TPD
measurement started from 0.1 atm vacuum with a 5 °C /min heating rate. Obviously,
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the onset decomposition temperature will shift to a higher value when the heating
rate increases from 5 to 10 °C /min. On the other hand, the low pressure environment
is favourable for the hydrogen release reaction, resulting in the reduced
decomposition temperature.
In order to judge the storage capacity and kinetics of the Ni modified LiBH4MgH2 system at constant temperature, isothermal dehydrogenation studies were
further carried out for the 2LiBH4-MgH2-0.5Ni sample at 350 and 400 °C,
respectively, as shown in Figure 5.20. The 2LiBH4-MgH2 sample was also examined
under the some conditions for comparison. Obviously, both the samples show two
stages in the dehydriding process at 350 and 400 °C: fast dehydriding in the first
short period, corresponding to the decomposition of MgH2, and slow dehydriding
thereafter, which may be attributed to the dehydrogenation of LiBH4. The results
agree well with the TPD and DSC results (Figure 5.18, Figure 5.19).

Figure 5.20 Hydrogen desorption curves of 2LiBH4-MgH2, and 2LiBH4-MgH20.5Ni samples at (a) 350 and (b) 400 °C, respectively.
At 350 °C, the hydrogen released is mainly due to the decomposition of
MgH2 in both the 2LiBH4-MgH2-0.5Ni and the 2LiBH4-MgH2 samples, with 3 wt %
hydrogen released within 6.3 min in the former, but 15 min is required for the latter
to release the same amount of hydrogen under the same conditions, indicating the
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significant enhancement of the first dehydrogenation. However, the second stage
dehydrogenation in both the 2LiBH4-MgH2-0.5Ni and 2LiBH4-MgH2 samples,
corresponding to the decomposition of LiBH4, is very slow, and is not completed
even after 10 hours. At 400 °C, the first dehydrogenation for the 2LiBH4-MgH20.5Ni sample is a little faster than for the 2LiBH4-MgH2, which may be due to the
fact that 400 °C is above the decomposition temperature of MgH2 in both samples,
resulting in their fast kinetics. However, the second dehydrogenation of 2LiBH4MgH2-0.5Ni is much faster than that of the 2LiBH4-MgH2. For example, 6.1 wt %
hydrogen can be released within 30 min in the former case, which is 1 wt % higher
than in the latter case. Meanwhile, the saturated dehydrogenation process for the
2LiBH4-MgH2-0.5Ni sample can be limited to within 55 min, while 167 min is
required for the 2LiBH4-MgH2. These results further confirm the significant
improvement due to the addition of Ni on the dehydrogenation of the LiBH4-MgH2
system.
5.4.3 Hydrogen absorption performance
The rehydrogenation of the decomposed 2LiBH4-MgH2-0.5Ni was further
investigated under ~55 bar of H2 at 400 °C for 10 h as compared with the pure
2LiBH4-MgH2 system. Figure 5.21a shows the isothermal rehydrogenation kinetics
of both samples as a function of time. A hydrogen capacity of ~ 4.37 wt % could be
achieved after 10 h in the case of 2LiBH4-MgH2, while the 2LiBH4-MgH2-0.5Ni
sample delivered a rehydrogenation capacity of 5.25 wt % under the same conditions.
Note that the rechargeable theoretical H-capacity was actually 7.46 wt % in the
2LiBH4-MgH2-0.5Ni sample when excluding the weight of Ni, indicating a much
higher reversible rate in 2LiBH4-MgH2-0.5Ni than that for the pure 2LiBH4-MgH2
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sample. These results indicate that the rehydrogenation of the LiBH4-MgH2 system
was also significantly improved through adding Ni nanoparticles.

Figure 5.21 (a) Isothermal rehydrogenation kinetics of 2LiBH4-MgH2, and 2LiBH4MgH2-0.5Ni samples under an initial hydrogen pressure of 55 bar at 400 °C. (b)
Comparison of the TPD curves for the first rehydrogenation of the 2LiBH4-MgH2,
and 2LiBH4-MgH2-0.5Ni samples.
The TPD curves for the 2LiBH4-MgH2 and 2LiBH4-MgH2-0.5Ni samples
after rehydrogenation are shown in Figure 5.21(b). It can be seen that the released
hydrogen capacity was 4.22 wt % for the 2LiBH4-MgH2 sample. As expected, more
hydrogen was released in the 2LiBH4-MgH2-0.5Ni sample (4.92 wt %). These results
are in good agreement with the rehydrogenation kinetic measurements shown in
Figure 5.21(a), except for a slight decrease in the capacity, which may be due to the
fact that the dehydrogenation is not completed below 500 °C.
5.4.4 The reaction mechanism
The fact that the first step dehydrogenation (MgH2) can be enhanced by
doping with a small amount of Ni, while the second dehydrogenation (LiBH4) is only
enhanced by doping with a large amount of Ni, indicates the different mechanisms
involved. For a more comprehensive understanding of the role of Ni and the possible
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chemical reactions occurring in the dehydrogenation process of the LiBH4-MgH2
system, X-ray diffraction was carried out on the 2LiBH4-MgH2-0.5Ni sample, as
well as on the reaction products.

Figure 5.22 X-ray diffraction patterns of (a) the 2LiBH4-MgH2-0.5Ni sample after
ball milling for 0.5 h and after subsequent heating to 330 °C and 500 °C,
respectively; and (b) the 2LiBH4-MgH2 and 2LiBH4-MgH2-0.05Ni samples after
heating to 500 °C, respectively.
Figure 5.22(a) shows the XRD patterns of the as-prepared 2LiBH4-MgH20.5Ni sample before and after heating to 330 and 500 °C, respectively. The
dehydrogenation products of the 2LiBH4-MgH2 and 2LiBH4-MgH2-0.05Ni samples
after heating to 500 °C were also examined for comparison. Clearly, MgH2, LiBH4,
and Ni phases are detected in the as-milled sample, and no new reaction products can
be found, suggesting a physical mixture during ball milling. After heating to 330 °C,
the MgH2 phase disappears, and magnesium metal is formed. The LiBH4 phases are
still present, and no other Mg or B containing phases were detected, indicating that
the hydrogen release from the composite below 330 °C is due to the decomposition
of MgH2. Ni phases are also observed after heating to 330 °C, and no additional
peaks corresponding to the Mg2Ni phase were observed, indicating that the
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enhancement of the first step dehydrogenation can be attributed to the catalytic effect
of nano-Ni, which is highly active in decreasing the activation energy of MgH2 for
hydrogen desorption by surface activation, as reported previously [58]. On further
heating to 500 °C, LiBH4 disappeared, and LiH phase was observed, indicating that
the system is fully dehydrogenated at 500 °C, as the boron phase in dehydrogenated
samples of LiBH4-relevant samples is usually amorphous [59], agreeing well with
the TPD results (Figure 5.18). Meanwhile, in addition to some traces of Mg or Li-Mg
alloy (with Li-Mg alloy and Mg peaks overlapping in the XRD patterns), many new
peaks appeared with the disappearance of the Ni phase, which can be identified as
reflecting a new phase of Mg-Ni-B alloy. The Mg-Ni-B phase is quite comparable to
MgNi2.5B2 in the database, but it is hard to confirm its nature due to the relatively
low content of Ni and because magnesium nickel borides always have a hexagonal
crystal structure with similar lattice constants, as previously reported [60,61]. Some
traces of the new Mg-Ni-B alloy were also observed in the case of the 2LiBH4MgH2-0.05Ni sample after dehydrogenation at 500 °C. However, the main
dehydrogenation products are Mg or Li-Mg, as well as some LiH and MgB2 (Figure
5.22b). As is well known, the boron phase in the dehydrogenated LiBH4-relevant
samples is usually amorphous, and therefore can not be detected by means of XRD
[59]. Similar products corresponding to Mg or Li-Mg, and some LiH and MgB2 were
also identified in the 2LiBH4-MgH2 sample after dehydrogenation at 500°C. The
observed MgH2 phase in the dehydrogenated state of the 2LiBH4-MgH2 or the
2LiBH4-MgH2-0.05Ni sample is probably from the hydrogenation of Mg or Li-Mg
during cooling down from 500 °C to room temperature. The evidence for this is that
about 1 bar hydrogen pressure was observed in the vessel after dehydrogenation at
500 °C. The results indicate that the main dehydrogenation products at 500 °C for the
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2LiBH4-MgH2-0.5Ni sample are Mg-Ni-B ternary alloy, LiH, and some Mg or LiMg, which is totally different from the cases of the 2LiBH4-MgH2 or 2LiBH4MgH2-0.05Ni samples, for which the main dehydrogenation products are Mg or LiMg, B, LiH, and some MgB2 (Figure 5.22(b)). The different dehydrogenation
products suggest different dehydrogenation pathways. In the case of 2LiBH4-MgH20.5Ni, an interaction among the Mg, LiBH4 or B, and the Ni occurred during heating,
resulting in the formation of the Mg-Ni-B ternary alloy. In contrast, the interaction of
MgH2 with LiBH4 in the 2LiBH4-MgH2 and 2LiBH4-MgH2-0.05Ni samples is low
since B and Mg or Li-Mg were mainly generated upon dehydrogenation.
In order to determine the rehydrogenation products, XRD and Fourier
transform infrared (FTIR) measurements were carried out. Figure 5.23 shows the
XRD patterns for the 2LiBH4-MgH2-0.5Ni sample after rehydrogenation at 5.5 MPa
and 400 °C for 10 h. Clearly, diffraction from MgH2 can be seen, although the
intensity is low. However, no apparent peaks corresponding to LiBH4 can be
identified due to the present high background at 2θ ≈ 20° generated by the cover tape,
which is used to cover the sample to avoid possible oxidation and moisture. Another
concern is that the reformed LiBH4 is possibly amorphous or in a disordered state,
because the typical feature of the [BH4] group in the rehydrogenated state is clearly
detected in the FTIR spectrum (Figure 5.24). However, the recombination of
borohydride is obviously incomplete under these conditions because such phases as
LiH and Mg-Ni-B still remain in the rehydrogenated sample. The formation of MgH2
may be from the hydrogenation of Mg. However, no Mg2NiH4 phase was observed in
the XRD patterns, although there are several unidentified peaks at 41.4, 45.4, and 46°.
Meanwhile, the typical feature of Mg2NiH4 is also not detected in the FTIR spectrum
(Figure 5.24). In contrast, a new phase, MgNi2, was formed along with weakened
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peaks of Mg-Ni-B ternary alloy. MgNi2 alloy has been reported to be extremely
stable and cannot form hydrides under conventional hydrogenation conditions
[62,63]. It has also been reported by Li at el. [60] that Mg2NiH4 could not be formed
in their rehydrogenated MgNi2.5B2/LiH sample, but could be formed in their
rehydrogenated MgNi2.5B2/LiH/MgH2 sample. In this regard, it is possible that the
amount of Ni addition in the LiBH4-MgH2 system will affect the recovery of MgH2
or Mg2NiH4. We believe therefore that the optimization of the amount of Ni will be
certainly helpful for the full reversibility of the LiBH4-MgH2-Ni composite.

Figure 5.23 XRD pattern for the as-dehydrogenated products of the 2LiBH4-MgH20.5Ni sample after rehydrogenation at 55 bar and 400 °C for 10 h.
FTIR spectroscopy was further conducted on the 2LiBH4-MgH2-0.5Ni
sample in order to identify the rehydrogenated products, as shown in Figure 5.24.
Clearly, the typical features of the [BH4] group can be observed in the spectrum of
the as-prepared sample, where the B-H bending vibration (~1125 cm-1) and B-H
stretching vibration (2221, 2296, and 2380 cm-1) were detected. After
dehydrogenation, the peaks corresponding to the B-H bond have almost disappeared.
In addition, a characterized vibration signal corresponding to boron can be detected
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in the IR spectrum [64]. This indicates that the addition of 0.5Ni to the MgH2 +
2LiBH4 material is still not enough to fully transform the elemental B to Mg-Ni-B
ternary alloy. After rehydrogenation, it was still impossible to detect any signal
corresponding to the Mg2NiH4 [60]. However, the vibrational signal corresponding
to the B-H bond was clearly detected, which confirmed the formation of borohydride
anions.

Figure 5.24 FTIR spectra for the as-milled 2LiBH4-MgH2-0.5Ni sample before and
after dehydrogenation at 500 °C, and the dehydrogenated products after
rehydrogenation at 55 bar and 400 °C for 10 h.
5. 5 Chapter summary
The effects of vacuum and hydrogen back-pressure on the de/rehydrogenation
kinetics of the LiBH4-MgH2 system with and without NbF5 doping were investigated
in this chapter. Static vacuum allows fast desorption kinetics along with the
formation of the main phases Mg, Li-Mg alloy, and boron, but results in slow
absorption kinetics. In contrast, MgB2 are the major products when the
dehydrogenation is conducted under hydrogen back-pressure, which plays a crucial
role in enhancing the absorption kinetics and increasing the reversible hydrogen
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storage capacity of this system. However, the formation of MgB2 is achieved with
the penalty of much slower desorption kinetics. We have also shown that the addition
of NbF5 to the LiBH4-MgH2 system significantly improves the hydrogen desorption
kinetics under either hydrogen back-pressure or static vacuum. Subsequent
rehydrogenation experiments also revealed a significant increase in the rate of
absorption, as well as the weight percentage of hydrogen absorbed, with additives. In
particular, the NbF5 doped sample showed good reversible cycling with high
hydrogen storage capacity when the dehydrogenation was conducted under hydrogen
back-pressure. The observed improvement may be ascribed to the effects of reduced
Nb species during ball milling or heating process. Furthermore, the applied hydrogen
back-pressure and the effective catalyst provide a valuable hint towards achieving
reversible dehydrogenation reactions of LiBH4-MgH2 with fast hydrogen sorption
kinetics.
The hydrogen de/absorption properties of the LiBH4-MgH2 system were also
improved by introducing the Ru nanoparticles distributed on the MWCNT support.
Compared with the neat LiBH4-MgH2 system, the samples containing Ru/C catalyst
exhibited considerable enhancement of their dehydrogenation/rehydrogenation
kinetics. Also, a reversible rehydrogenation capacity of ~ 7.8 wt % has been
demonstrated under moderate conditions (500 °C, 4 MPa) for 9 h, which is 2 wt %
higher than for the neat system. Moreover, the catalytically enhanced
rehydrogenation capacity arising from adding Ru/C catalyst is highly stable during
de/rehydrogenation cycling. The result is encouraging for pursuing LiBH4-MgH2 as a
mixture with considerable potential as a reversible hydrogen storage medium by
screening more highly active heterogeneous metal catalysts.
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Nanosized Ni was used to prepare LiBH4-MgH2-Ni (2:1:0.5 and 2:1:0.05
mole ratio, respectively) composites for enhancing the hydrogen de/resorption
performances of the LiBH4-MgH2 (2:1) system. The first-step dehydrogenation
(MgH2) was significantly promoted in both the 2LiBH4-MgH2-0.05Ni and the
2LiBH4-MgH2-0.5Ni composites due to the catalytic effect of nano-Ni, but the
second-step dehydrogenation (LiBH4) was only enhanced in the latter. A higher
reversible capacity was also observed in the case of LiBH4-MgH2-0.5Ni, in which
about 5.3 wt % hydrogen can be reversibly stored when the sample is held under 400
°C and 55 bar hydrogen pressure for 10 h, which is higher than for the 2LiBH4-MgH2
sample (4.4 wt %). The formation of borohydride anions was confirmed by FTIR in
the rehydrogenated sample. XRD analysis indicates that Mg-Ni-B ternary alloy was
formed upon dehydrogenation in the case of 2LiBH4-MgH2-0.5Ni composites, which
is different from what occurs in the 2LiBH4-MgH2 and 2LiBH4-MgH2-0.05Ni
samples, where Mg or Li-Mg alloy, and B were mainly generated upon
dehydrogenation. The formation of Mg-Ni-B ternary alloy may play a crucial role in
enhancing the hydrogen de/absorption of the 2LiBH4-MgH2 system by changing the
original dehydrogenation/rehydrogenation pathway.
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6

CHAPTER 6 INVESTIGATION OF THE PROPERTIES OF THE
COMPOSITES CONSISTING OF LITHIUM ALUMIHYDRIDE,
MAGNESIUM HYDRIDE, AND/OR LITHIUM BOROHYDRIDE AS
HYDROGEN STORAGE MATERIALS

6. 1 Introduction
As described in Chapter 2, light metal hydrides such as LiAlH4, MgH2, or
LiBH4 are considered to be promising candidate hydrogen storage materials, due to
their high hydrogen storage capacity (> 6 wt %). However, until now, no single
metal hydride can fulfil all the requirements for an on-board hydrogen storage
material suitable for mobile applications due to the drawbacks in de/rehydrogenation
kinetics or thermodynamics. For example, LiAlH4 has a high theoretical hydrogen
capacity of 10.6 wt %, and can liberate 7.9 wt % of hydrogen below 210 °C.
However, the rigorous conditions for reversibility make it difficult to use in hydrogen
storage systems [1-3]. MgH2 also has a high theoretical hydrogen storage capacity of
7.6 wt % and has excellent potential for hydrogen-related applications. However, its
hydrogen de/resorption occurs only at high temperatures (> 300 °C), and the reaction
rate is too slow to form a practical basis for hydrogen storage [4-7]. LiBH4 has a
large theoretical hydrogen capacity of 18.5 wt % in the family of complex hydrides.
However, LiBH4 is thermodynamically stable; the main evolution of gas starts above
380 °C, and only half of the hydrogen can be released before 600 °C. In addition, the
conditions required to form LiBH4 from its elements are rigorous (35 MPa, 600 °C)
[8-10].
Following the development of reactive hydride composites (RHCs) in 2004
[11-13], a number of RHC systems, such as MgH2-LiBH4, LiAlH4-NaBH4, LiNH2MgH2-LiBH4, etc.[14-17] that were developed through combining two or more
hydrides to form a new compound upon dehydrogenation, thereby lowering the
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overall reaction enthalpy, have been reported. This mutual destabilization has been
demonstrated to be an effective way to improve the hydrogen storage properties of
single hydrides. By employing this strategy, in this chapter, we have systematically
investigated the interaction of LiAlH4, MgH2, and/or LiBH4 for hydrogen storage.
Moreover, the hydrogen storage performance of the combined binary or ternary
system was further improved by doping with TiF3, and the catalytic mechanism was
also discussed.
6. 2 Enhanced hydrogen storage performance of LiAlH4-MgH2-TiF3 composite

6.2.1 Preparation
The LiAlH4-MgH2-TiF3 composite was prepared by ball milling LiAlH4,
MgH2, and TiF3 in a molar ratio of 1:1:0.5 for half an hour. LiAlH4, MgH2, and
LiAlH4-MgH2 were also prepared under the same conditions for comparison. The
ball milling was carried out in a QM-2SP3 planetary ball mill, the milling parameters
were kept constant for all trials, and the samples were milled at 300 rpm using
stainless steel balls 10 mm in diameter, with a ball-to-powder weight ratio of 30:1.
6.2.2 Hydrogen desorption performance
Figure 6.1 presents the temperature-programmed desorption (TPD) curves for
the dehydrogenation of the as-milled LiAlH4-MgH2-TiF3 composite. The TPD curves
of LiAlH4, MgH2, and LiAlH4-MgH2 were also collected for comparison. It can be
seen that the as-milled LiAlH4 liberates its hydrogen through a two-step
dehydrogenation in the temperature ranges of 150-180 °C and 180-250 °C,
respectively, agreeing well with previous reports. After combining with MgH2, the
dehydrogenation was improved, as shown in Figure 6.1, in which the first step
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dehydrogenation temperature is similar to that of the LiAlH4 sample, while faster
kinetics can be observed in the second step dehydrogenation, which is completed at
233 °C, 17 °C lower than for the LiAlH4 sample. Further heating led to a third
decomposition, starting at 275 °C and completed at 360 °C, corresponding to the
decomposition of MgH2, which is 45° and 60 °C lower than for pure MgH2,
respectively. Therefore, the dehydrogenation properties of the LiAlH4-MgH2 system
are improved compared to those of its unary components (LiAlH4 and MgH2),
suggesting that a mutual destabilization has occurred in the binary LiAlH4-MgH2
system. On further doping with TiF3, the LiAlH4-MgH2-TiF3 composite starts to
release its hydrogen at around 60 °C, and the release ends at 345 °C, which are 100
and 15 °C lower than for the un-doped LiAlH4-MgH2, respectively. These results
suggest that the TiF3 component in the doped system could play a catalytic role,
which may promote the interaction of LiAlH4 and MgH2, and thus further improve
the dehydrogenation performance of the LiAlH4-MgH2 system.

Figure 6.1 TPD (temperature-programmed desorption) curves of the LiAlH4-MgH2
system, with and without TiF3-doping, after ball milling for 0.5 h in argon, as well as
curves for the unary components (LiAlH4 and MgH2). The heating ramp for all the
samples was 2 °C/min.
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The thermal decomposition behaviour of LiAlH4 -MgH2-TiF3 composite, as
well as of LiAlH4, MgH2, and LiAlH4-MgH2, was further investigated by differential
scanning calorimetry (DSC), as presented in Figure 6.2. The plot for the as-milled
LiAlH4-MgH2 shows four characteristic peaks: an endothermic peak around 175 °C,
a strong exothermic peak at 182 °C, a weak endothermic peak around 234 °C, and a
strong endothermic peak around 351 °C. These features are assigned to the melting
of LiAlH4, the decomposition of molten LiAlH4 to Li3AlH6, the decomposition of
Li3 AlH6 to LiH and Al, and the decomposition of MgH2, respectively, which is
comparable with the three-step dehydrogenation in the TPD results. It also can be
seen that the peak temperature for the pure MgH2 is 397 °C, which is 46 °C higher
than for the LiAlH4-MgH2 sample. Meanwhile, the peak temperatures for the first
and second dehydrogenation steps of LiAlH4 are 194 and 240 °C, respectively, which
are 12 and 6 °C higher than those of the LiAlH4-MgH2 sample. These results further
confirm the mutual destabilization between LiAlH4 and MgH2. In contrast with the
DSC plot of LiAlH4-MgH2, the features of the LiAlH4-MgH2-TiF3 composite are
strikingly different, displaying one exothermic peak and two broad endothermic
peaks. The exothermic event occurs at 116 °C, and the first endothermic event occurs
at 143 °C, which is attributed to the decomposition of LiAlH4 to Li3 AlH6 and the
following decomposition of Li3 AlH6 to LiH and Al, but at a much lower temperature
than for the LiAlH4 or LiAlH4-MgH2 samples. The results indicate that LiAlH4
decomposes at a much lower temperature without melting when there is TiF3
catalysis, which agrees well with the results on 0.5 h ball-milled 4 mol% TiF3-doped
LiAlH4 reported by Liu at al. [3]. The second endothermic event appears at 351 °C,
corresponding to the decomposition of MgH2, which is similar to what appears in the
LiAlH4-MgH2 sample. However, the broad peak in the LiAlH4-MgH2-TiF3
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composite indicates faster dehydrogenation kinetics at lower temperature.
Furthermore, the onset decomposition temperature in the DSC is slightly higher than
that in the TPD (Figure 6.1). These differences may result from the fact that the
dehydrogenation measurement was run under different conditions in these two cases.
The DSC measurement was conducted under 1 atm argon flow with a 10 °C /min
heating rate, while the TPD measurement was started from static vacuum with a 2 °C
/min heating rate. Obviously, the onset decomposition temperature will shift to a
higher value when the heating rate increases from 2 to 10 °C /min. On the other hand,
the low pressure environment is favourable for the hydrogen release reaction,
resulting in the reduced decomposition temperature.

Figure 6.2 DSC traces for LiAlH4, MgH2, LiAlH4-MgH2, and LiAlH4-MgH2-TiF3
samples, with a heating rate of 10 °C/min.
Figure 6.3 compares the dehydrogenation kinetics of MgH2 in the LiAlH4MgH2 and LiAlH4-MgH2-TiF3 samples at 300 °C. The dehydrogenation of pure
MgH2 was also examined for comparison under the same conditions. The LiAlH4MgH2-TiF3 sample desorbed 2.48 wt % hydrogen after 10 min, which is higher than
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for the LiAlH4-MgH2 (1.59 wt %) and much higher than for the pure MgH2 (0.25 wt
%). In contrast, 20 min was required for the LiAlH4-MgH2 sample to release 2.48 wt
% hydrogen. The results indicate that the dehydrogenation kinetics of MgH2 is
significantly improved by combining with LiAlH4 , and also further enhanced by the
addition of TiF3.

Figure 6.3 Comparison of dehydrogenation kinetics of MgH2, LiAlH4-MgH2, and
LiAlH4-MgH2-TiF3 samples at 300 °C.

6.2.3 Dehydrogenation mechanism and thermodynamics
To understand the dehydrogenation mechanism, X-ray diffraction (XRD)
analysis was carried out on the LiAlH4-MgH2-TiF3 composite, as well as on the
reaction products. Figure 6.4 shows the XRD patterns of the LiAlH4-MgH2-TiF3
composite before and after dehydrogenation at different temperatures. Clearly,
LiAlH4 and MgH2 phases are detected in the as-milled sample, as well as some
residual Al or LiH (with Al and LiH peaks overlapping in the XRD patterns) due to
the partial decomposition of LiAlH4 during the milling process. However, no Ti or F
related phases were observed in the as-milled sample, probably owing to the small
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amount or the amorphous state. After heating to 200 °C, the LiAlH4 phase
disappeared, and the intensity of the Al and LiH phases became stronger. The MgH2
phase was still apparent, and no other Mg containing phases were detected,
indicating that the hydrogen release from the system below 200 °C is due to the
decomposition of LiAlH4, agreeing well with the TPD results (Figure 6.1). On
further heating to 300 °C, the intensity of the MgH2 and Al/LiH phases became
weaker, and Mg17Al12 alloys were formed. Meanwhile, the intermediate phase
Li3 Mg7 may also be formed at this stage, since the Mg17Al12 and Li3Mg7 peaks
overlap in the XRD patterns. After further heating to 400 °C, the phases MgH2, Al,
and LiH disappeared, and the intensity of the Mg17Al12 phases became stronger,
indicating that the hydrogen release in the temperature range of 200-400 °C is mainly
from the reaction of Al and/or LiH with MgH2.

Figure 6.4 X-ray diffraction patterns of LiAlH4-MgH2-TiF3 composite after ball
milling for 0.5 h (a), and after subsequent heating to 200 °C (b), 300 °C (c), and 400
°C (d), respectively.
Based on the above results, the two following reactions may take place during
the decomposition of MgH2 in the range of 200-400 °C:
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3LiH + 7MgH2 → Li3Mg7 + 8.5H2

(6.1)

12Al +17MgH2 → Mg17Al12 + 17H2

(6.2)

Zhang at al. [18] have identified the Li-Mg alloy to be Li0.92Mg4.08 in their
4LiAlH4-MgH2 sample, which is different from the Li3Mg7 in our LiAlH4-MgH2
sample. The difference may be due to the different mole ratios of LiAlH4 and MgH2
in these two cases. In addition, a new phase of LiF was identified after
dehydrogenation at 400 °C, indicating that a reaction between LiAlH4 and the TiF3
has occurred during the ball milling or dehydrogenation process. However, no phase
containing Ti was detected due to the low concentration or amorphous phase.

Figure 6.5 Desorption P-C isotherms (PCI) of LiAlH4-MgH2-TiF3 composite
measured at 315, 340, and 360 °C.
To

further

characterize

the

thermodynamic

properties

and

the

dehydrogenation behavior, the desorption pressure-composition isotherms (PCI) of
the LiAlH4-MgH2-TiF3 composite were collected at 315, 340, and 360 °C, as shown
in Figure 6.5. The first stage dehydrogenation process, with a hydrogen capacity of
~3 wt % around 3 MPa, which was observed at all temperatures, is most likely to be
due to the decomposition of LiAlH4, since the equilibrium pressure of LiAlH4 is
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higher than 3 MPa in these temperature ranges. The second stage dehydrogenation
process, from 3-6 wt %, should correspond to the decomposition of MgH2, while two
plateaus can be clearly observed at this stage, indicating that two reactions have
occurred during the decomposition of MgH2. The two reactions can be attributed to
reactions (6.1) and (6.2) according to the dehydrogenation mechanism described
above.

Figure 6.6 The van’t Hoff plot showing equilibrium hydrogen pressures over
temperature for the LiAlH4-MgH2-TiF3 composite.
The enthalpy change (ΔH) for the two reactions was further calculated from
the temperature-dependent equilibrium pressure (Peq) in the van’t Hoff equation:
ln(Peq/Po) = ΔH/RT – ΔS/R, where Po is the standard pressure (1.01325 bar), T is the
absolute temperature, and R is the gas constant. Figure 6.6 shows the preliminary
van’t Hoff plot of LiAlH4-MgH2-TiF3 composite, using the desorption equilibrium
pressures at 3.85 and 5.1 wt % (see Figure 6.5), respectively. It can be seen that a
satisfactory fit, with a coefficient of determination R2 of 0.999 or 0.998, is
demonstrated. On the basis of the fit results, the enthalpy changes for the two
reactions are calculated to be 78 and 82 kJ/mol-H2, respectively. The enthalpy of
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hydrogen desorption from LiAlH4-MgH2-TiF3 was comparable to those from
LiAlH4-MgH2 (85 kJ/mol-H2) [19] and pristine MgH2 (74 kJ/mol-H2) [20]. Although
the thermodynamic value of these materials (enthalpy of reaction) remains
unchanged, the destabilized complex hydride composite LiAlH4-MgH2-TiF3
possesses better hydrogen storage performance with a lower hydrogen desorption
temperature and faster sorption kinetics.
6.2.4 Hydrogen absorption performance and mechanism
To investigate the reversibility of the LiAlH4-MgH2-TiF3 composite, the
rehydrogenation of the dehydrogenated sample was conducted under ~2 MPa of H2
at 300 °C. The un-doped LiAlH4-MgH2 system was also examined for comparison.

Figure 6.7 Hydrogen absorption curves of LiAlH4-MgH2 and LiAlH4-MgH2-TiF3 at
300 °C and 20 atm H2 pressure.
Figure 6.7 compares the isothermal re-hydrogenation kinetics of the LiAlH4MgH2-TiF3, and LiAlH4-MgH2 samples. Evidently, the LiAlH4-MgH2-TiF3
composite exhibits better hydrogen absorption properties than the LiAlH4-MgH2
system. A hydrogen absorption capacity of 2.68 wt % was reached after 5 min in the
LiAlH4-MgH2-TiF3 composite, which is higher than that of LiAlH4-MgH2 (1.75 wt
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%). The Figure also shows that the saturated hydrogenation process for the LiAlH4MgH2-TiF3 sample can be achieved within 10 min with a hydrogen absorption
capacity of ~2.9 wt %, while 25 min is required for the LiAlH4-MgH2 to reach the
same capacity. These results indicate that the TiF3 also improves the rehydrogenation
kinetics of the LiAlH4-MgH2 system.
In order to determine the rehydrogenation products, XRD measurements were
carried out on the rehydrogenated LiAlH4-MgH2 and LiAlH4-MgH2-TiF3 samples, as
shown in Figure 6.8. Clearly, the phases MgH2, Al, and LiH (with Al and LiH peaks
overlapping in the XRD patterns) are present in both the un-doped and TiF3 doped
LiAlH4-MgH2 samples. However, no Al12Mg17 or Li3Mg3 alloy was found in the
rehydrogenated sample, indicating that full recovery of MgH2 and LiH from the AlMg and Li-Mg alloys had been achieved. In addition, LiF phase was detected in the
rehydrogenated LiAlH4-MgH2-TiF3 sample, which was also observed in the
dehydrogenated LiAlH4-MgH2-TiF3 sample (Figure 6.4). The formation of LiF may
be due to the reaction of LiAlH4 and TiF3 during the ball milling or the heating
process, indicating that the TiF3 component in the LiAlH4-MgH2-TiF3 sample plays a
catalytic role through the formation of F-containing or Ti-containing catalytic species.
However, no phase containing Ti was detected before or after rehydrogenation due to
the low concentration or amorphous phase. The catalytic effect of TiF3 on the
decomposition of LiAlH4 could be similar to its effect on NaAlH4, where the
formation of Ti-Al clusters [21] and the active function of the F anion [22] play the
catalytic roles, which leads to its low hydrogen release temperature (60 °C). The
catalytic effect of Ti-containing species and the active function of the F anion have
also been proved to be active in improving the hydrogen sorption properties of MgH2
[23-25]. Therefore, the TiF3 component in the LiAlH4-MgH2-TiF3 sample plays a
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catalytic role through the formation of Ti-containing and F-containing catalytic
species, which may promote the interaction of LiAlH4 and MgH2, and thus further
improve the dehydrogenation and hydrogenation of the LiAlH4-MgH2 system.

Figure 6.8 X-ray diffraction patterns of LiAlH4-MgH2 and LiAlH4-MgH2-TiF3
samples after rehydrogenation.

6. 3 Reversible hydrogen storage in titanium-catalyzed LiAlH4-LiBH4 system

6.3.1 Preparation
All the starting materials were used as received in powder form without further
purification. LiBH4 (98%), TiF3 (98%), and Al (99.5%), were obtained commercially
from Alfa Aesar. LiAlH4 (95%) was purchased from ACROS Organics. A LiAlH4LiBH4 mixture with a molar ratio of 1:2 was ball milled in argon atmosphere for 0.1
h. For comparison, pure LiAlH4, pure LiBH4, LiAlH4 with 5 mol% TiF3, LiBH4 with
5 mol% TiF3, a LiBH4/Al mixture with a molar ratio of 2:1, and a LiAlH4-LiBH4
mixture with different amounts of TiF3 were also examined. The ball milling was
undertaken in a planetary QM-1SP2 ball mill. The milling parameters were kept

192

constant for all trials, and the ball-to-powder weight ratio was 30:1 at 387 rpm, using
stainless steel balls 10 mm in diameter. All samples were handled in an Ar-filled
glove box.
6.3.2 Dehydrogenation performance and mechanism
Fig. 6.9 shows the temperature-programmed desorption (TPD) of the LiAlH4LiBH4 (molar ratio 1:2) sample and the samples doped with various amounts of TiF3.
These samples were ball milled for 0.1 h before heating. Clearly, the LiAlH4-LiBH4
system shows a major two-step hydrogen release. The first step started at 118 °C and
2.39 wt.% of hydrogen could be released before 210 °C, corresponding to the
decomposition of LiAlH4 (LiAlH4 → 1/3Li3AlH6 + 2/3Al + H2 →LiH + Al + 3/2H2)
[2]. Further heating led to a second decomposition at 300 °C.

Figure 6.9 Temperature-programmed desorption (TPD) curves for the LiAlH4LiBH4 (1:2) samples with different molar ratios of TiF3 doping by ball milling for 0.1
h in argon. An un-doped reference sample is shown for comparison. The heating
ramp for all the samples was 2 °C/min.
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It also can be seen that the dehydrogenation temperature of the LiAlH4-LiBH4
system was lowered by the addition of TiF3, and this temperature reduction becomes
increasingly pronounced with increasing TiF3. In the case of the 5 mol.% TiF3 doped
sample, the first dehydrogenation began after heating to 54 °C, releasing about 3
wt.% hydrogen below 250 °C; the second step then released 5.65 wt.% hydrogen
after heating to 600 °C. Compared to the un-doped sample, the onset temperatures
for the first and second dehydrogenation steps were decreased by 64 and 150 °C,
respectively.

Figure 6.10 X-ray diffraction patterns of LiAlH4-LiBH4 (1:2) samples with TiF3
doping: after (a) ball milling for 0.1 h under Ar, and after subsequent heating of the
(a) material to (b) 150 °C, (c) 300 °C, and (d) 600 °C.
The two major hydrogen release steps of the LiAlH4-LiBH4 system suggest that
the LiAlH4 and LiBH4 in the system might decompose separately. Therefore, the
improved dehydrogenation kinetics for the mixture of hydrides was likely to be due
to a mutual catalytic effect between them or from catalysis by TiF3. To understand
the decomposition mechanism, XRD diffraction analysis was carried out on the as-
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milled materials, as well as on the dehydrogenation products. Fig. 6.10 shows the
XRD patterns of the TiF3 doped LiAlH4-LiBH4 samples that were ball milled for 0.1
h, in as-prepared form and after heating to 150, 300 and 600 °C, respectively. After
ball milling, the TiF3 doped LiAlH4-LiBH4 sample showed the characteristics of a
physical mixture of LiAlH4, LiBH4, and TiF3. However, after heating to 150 °C,
Li3 AlH6, Al, and LiH are formed (with the Al and LiH peaks overlapping in the XRD
patterns), and the diffraction peaks from LiAlH4 disappear. LiBH4 is present, but no
other phase containing B is observed. The results indicate that the LiAlH4 was
consumed by decomposing to Li3 AlH6 and Al below 150 °C, while LiBH4 was not
decomposed. After heating to 300 °C, besides Al, LiH, and AlB2, some residual
LiBH4 was also observed, indicating that LiAlH4 had decomposed to Al and LiH. As
the hydrogen desorption properties of LiBH4 and LiBH4-Al samples were similar
(see Fig. 6.15), LiBH4 may decompose first into LiH and elemental B, and then AlB2
is formed during the reaction of Al and B. After heating to 600 °C, LiBH4 disappears,
and the new phase of LiAl is formed.
6.3.3 Thermodynamics of dehydrogenation
Since TiF3 has a positive effect on enhancing the hydrogen desorption
performance of LiAlH4/LiBH4, the desorption pressure-composition isotherms (PCI)
and van’t Hoff plot of TiF3-doped LiAlH4/LiBH4 were collected to further
investigate its thermodynamic properties and dehydrogenation behaviour. Pressurecomposition-temperature (PCT) desorption curves of the LiAlH4-LiBH4 (1:2) with
TiF3 doping were collected in the range of 300-500 °C, as shown in Fig. 6.11. The
first step dehydrogenation, with a hydrogen capacity of 3-4 wt.%, was observed at all
temperatures, which corresponds to the decomposition of LiAlH4 in the sample. No
plateaus can be observed for the sample measured at 310 °C. However, with
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increasing temperature, the isotherms show plateaus from -3.5 to -8 wt.%, with total
hydrogen capacities of approximately -10 wt. %, which resulted from the dehydrogenation of LiBH4.

Figure 6.11 Desorption PCT curves for a TiF3-doped LiAlH4-LiBH4 sample at
different temperatures, with the sample ball-milled for 0.1 h under argon before
heating.
A preliminary van’t Hoff plot of TiF3-doped LiAlH4-LiBH4 (logarithm of the
equilibrium pressure versus the inverse of the absolute temperature), using the
desorption equilibrium pressures at -6 wt.% (see Fig. 6.11), is shown in Fig. 6.12.
The slope of the line is equal to the enthalpy of formation divided by the gas constant,
and the intercept is equal to the entropy of formation divided by the gas constant.
The TiF3-doped LiAlH4-LiBH4 has a measured enthalpy of 60.4 kJ/(mol of H2),
which is lower than that of pure LiBH4 (74 kJ/(mol of H2)) [10]. The addition of
LiAlH4 and TiF3 can decrease the dehydrogenation enthalpy by 13.6 kJ/(mol of H2)
compared with that of pure LiBH4, showing that the presence of LiAlH4 and TiF3
destabilizes LiBH4.
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Figure 6.12 Van’t Hoff diagram showing equilibrium hydrogen pressure vs. inverse
temperature for the TiF3-doped LiAlH4-LiBH4 sample.
6.3.4 Rehydrogenation performance and mechanism
It has been reported that the reversibility of LiBH4 from its decomposition
products under elevated temperature conditions up to 600 °C and 155 bar H pressure
was successful [10]. Obviously, the conditions are rigorous. Here, our results show
that the TiF3 doped LiBH4 and the LiAlH4-LiBH4 system could reversibly absorb
hydrogen under 600 °C and 4 MPa H2.

Figure 6.13 Hydrogen absorption of ball-milled LiBH4-TiF3 and LiAlH4-LiBH4-TiF3
at 600 °C under 4 MPa H2.
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Fig. 6.13 shows the initial cycle hydrogen absorption curves of the TiF3-doped
LiAlH4-LiBH4 samples after dehydrogenation at 600 °C for 2 h, A hydrogen
absorption capacity of 3.76 and 4.78 wt.% of hydrogen can be absorbed in 1 h and 14
h, respectively, by the TiF3 doped LiAlH4-LiBH4 sample.
The XRD patterns for the dehydrogenation products of the TiF3 doped LiAlH4LiBH4 and TiF3 doped LiBH4 after rehydrogenation are presented in Fig. 6.14, where
a rehydrogenated sample of TiF3-doped LiAlH4 is also included for comparison
purposes. After rehydrogenation, LiBH4 was reformed in the TiF3-doped LiAlH4LiBH4 and TiF3-doped LiBH4 samples. However, no LiAlH4 or Li3AlH6 was
observed in the TiF3 doped LiAlH4-LiBH4 or the TiF3 doped LiAlH4 samples,
indicating that the reversible conditions for LiAlH4 are rigorous. The presence of
Li2O and LiAlO2 can be ascribed to oxidation during hydrogenation or XRD testing.

Figure 6.14 X-ray diffraction patterns for the ball-milled LiAlH4/LiBH4-TiF3 after
rehydrogenation at 600 °C under 4 MPa H2.
6.3.5 The catalytic role of TiF3

It is suggested from the above results that the enhanced kinetics in the TiF3doped LiAlH4-LiBH4 system can be attributed to mutual reactions which reduce the
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enthalpy of the dehydrogenation and rehydrogenation reactions. Moreover, it is quite
likely that the activation energy needed to break or form the Al–B bond is
significantly lower than for the B–B bond. Additionally, the presence of TiF3 may
play another crucial role. It has been well established that Ti-based precursor may
facilitate the dissociation of hydrogen molecules, and an increase in the hydrogen
concentration chemisorbed on the surface of hydrides will result in enhanced kinetics
of hydrogenation [26-28]. It has also been reported that the active function of the F
anion could play an important role in weakening the metal-H bonding, leading to the
low hydrogen release temperature [22]. In this regard, there are a number of possible
factors that contribute to the observed enhancement in the dehydrogenation and
rehydrogenation kinetics in the TiF3-doped LiAlH4-LiBH4 system.

Figure 6.15 TPD curves for LiAlH4-TiF3, LiAlH4, LiBH4, LiBH4-Al, and LiBH4TiF3. LiAlH4-LiBH4 and LiAlH4/LiBH4-TiF3 are also included for comparison
purposes. The heating ramp for all the samples was 2 °C/min, and all samples were
ball milled for 0.1 h under argon before heating.

The dehydrogenation of un-doped and doped LiAlH4, and un-doped and
doped LiBH4 samples was measured and compared with the un-doped and doped
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LiAlH4-LiBH4 system, as shown in Fig. 6.15. It can be seen that the dehydrogenation
temperature of LiAlH4 can be significantly reduced by the addition of TiF3. However,
the LiAlH4-LiBH4 system shows no significant improvement in the first-step
dehydrogenation temperature compared to the pure LiAlH4. The decomposition
temperature of the TiF3 doped LiBH4 sample was around 150 °C, which is 150 ˚C
lower than that (300 °C) of the bare LiBH4. However, the addition of Al does not
reduce the onset dehydrogenation temperature of LiBH4. Friedrichs et al. reported a
similar observation in which LiBH4 and LiBH4/Al started to decompose at the same
temperature [29], although Al can react with LiBH4 to form AlB2, resulting in
improvement of the reversibility [29]. These results confirmed that TiF3 plays a
major role in enhancing the dehydrogenation of the LiAlH4-LiBH4 system.

Figure 6.16 XRD patterns for the ball-milled (a) LiBH4-TiF3 and (b) LiAlH4-TiF3
after heating to 600 °C. The inset shows an enlargement of the indicated region in (b).
It also can be seen in Fig. 6.10 that no phase containing Ti or F was detected
after dehydrogenation of the TiF3 doped LiAlH4-LiBH4 system, but it is hard to
specify the details of how the TiF3 accelerates the decomposition of the system.
However, from Fig. 6.16, in the XRD patterns of the dehydrogenation products of the
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TiF3-doped LiAlH4 and the TiF3-doped LiBH4 at 600 °C, peaks corresponding to LiF
can be observed, suggesting that LiF was formed after dehydrogenation to 600 °C in
both the LiAlH4/TiF3 and the LiBH4/TiF3 samples. This indicates that in addition to
the catalysis, the reaction of TiF3 with LiAlH4 or LiBH4 may be one of the reasons
for the weakening of the B-H and Al-H bonding, resulting in the improvement of the
dehydrogenation kinetics. More detailed studies of the catalysis mechanism of TiF3
in the LiAlH4-LiBH4 system are still in progress.
6. 4 Reversible hydrogen storage in destabilized LiAlH4-MgH2-LiBH4 ternaryhydride system doped with TiF3

6.4.1 Preparation
The TiF3-doped LiAlH4-MgH2-LiBH4 system was prepared by ball milling
LiAlH4, MgH2, LiBH4, and TiF3 in a molar ratio of 1:1:1:0.05 for half an hour. The
unary components LiAlH4, MgH2, and LiBH4, the binary composites LiAlH4-MgH2,
LiAlH4-LiBH4, and MgH2-LiBH4, and the un-doped ternary system LiAlH4-MgH2LiBH4 were also prepared under the same conditions for comparison. The ball
milling was undertaken in a planetary QM-1SP2 ball mill. The milling parameters
were kept constant for all trials, and the samples were milled at 300 rpm using
stainless steel balls 10 mm in diameter and with a ball-to-powder weight ratio of 30:1.
6.4.2 Dehydrogenation performance and mechanism
Figure 6.17 presents the temperature-programmed desorption (TPD) curves
of the as-milled LiAlH4-MgH2-LiBH4 (molar ratio 1:1:1) and LiAlH4-MgH2-LiBH4TiF3 (molar ratio 1:1:1:0.05) samples. The TPD curves of the unary components,
LiAlH4, MgH2, and LiBH4, and the binary composites LiAlH4-MgH2, LiAlH4-LiBH4 ,
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and MgH2-LiBH4, were also measured for comparison. Both the un-doped and TiF3doped LiAlH4-MgH2-LiBH4 samples showed a clear three-step dehydrogenation
process, which should correspond to the decomposition of LiAlH4, MgH2, and LiBH4,
respectively, with increasing temperature. In the case of the un-doped LiAlH4-MgH2LiBH4 sample, LiAlH4 started to release hydrogen at around 120 ˚C, which is 30 ˚C
lower than from the unary or binary LiAlH4, LiAlH4-MgH2, or LiAlH4-LiBH4
samples. Further heating led to the second decomposition, starting at about 300 ˚C,
corresponds to the decomposition of MgH2, which also occurs at 65 ˚C lower than
that of the pure MgH2 and MgH2-LiBH4 samples. The LiAlH4-MgH2 sample has a
similar second dehydrogenation temperature to that of the LiAlH4-MgH2-LiBH4
sample, but the latter shows faster kinetics. The third decomposition started at 370
°C and ended at around 470 °C, which should correspond to the decomposition of
LiBH4. In contrast, the unary LiBH4 and LiAlH4-LiBH4 samples cannot release
hydrogen fully even at 550 °C, and a temperature of 490 °C is needed for the MgH2LiBH4 sample to reach its maximum hydrogen capacity. Therefore, the
dehydrogenation properties of the LiAlH4-MgH2-LiBH4 system are better than those
of its unary components (LiAlH4, MgH2, and LiBH4) or binary mixtures of those
components (LiAlH4-MgH2, LiAlH4-LiBH4, and MgH2-LiBH4), suggesting that a
mutual destabilization had occurred in the ternary LiAlH4-MgH2-LiBH4 system,
which means that any unary component (LiAlH4, MgH2, or LiBH4) can be
destabilized by combining with another unary component or other binary mixtures.
Furthermore, the hydrogen release temperature of the TiF3-doped LiAlH4-MgH2LiBH4 system started at around 60 °C and ended at 400 °C, which are 60 °C and 70
°C lower than those of the un-doped sample, respectively. These results suggest that
there is a catalytic effect of TiF3 on the dehydrogenation properties of the system.
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Figure 6.17 TPD (temperature-programmed desorption) curves of the LiAlH4MgH2-LiBH4 system, with and without TiF3-doping, after ball milling for 0.5 h in
argon, as well as the (a) unary components (LiAlH4, MgH2, and LiBH4) and (b)
binary mixtures (LiAlH4-MgH2, LiAlH4-LiBH4, and MgH2-LiBH4). The heating
ramp for all the samples was 2 °C/min.
In order to understand the catalytic role of TiF3 on the ternary system,
samples of LiAlH4, MgH2, and LiBH4 that were respectively doped with 0.05 mol %
TiF3 were prepared and investigated in comparison with the un-doped unary
components and the TiF3-doped LiAlH4-MgH2-LiBH4 sample. The TPD curves for
these samples are shown in Figure 6.18. It can be seen that TiF3 can effectively
improve the dehydrogenation properties of LiAlH4, MgH2, and LiBH4, respectively.
It was also found that the onset dehydrogenation temperature of the TiF3-doped
LiAlH4-MgH2-LiBH4 sample is the same as that of the TiF3-doped LiAlH4 sample,
indicating that the release of hydrogen at low temperature (~60 °C) for the TiF3doped LiAlH4-MgH2-LiBH4 sample is mainly due to the catalytic dehydrogenation
of LiAlH4 by the addition of TiF3. The catalytic effect of TiF3 on the decomposition
of LiAlH4 should be similar to its effect on NaAlH4, where the formation of Ti-Al
clusters and the active function of the F anion could play the catalytic roles [21,22].
The TiF3-doped MgH2 sample decomposes at the same temperature as the second-
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step decomposition of the TiF3-doped LiAlH4-MgH2-LiBH4 sample, although the
latter exhibits faster kinetics. The catalytic effect of TiF3 on the decomposition of
MgH2 should also be attributed to the Ti-containing species and the active function
of the F anion due to the possible reaction of MgH2 with TiF3 [23,24].

Figure 6.18 Comparison of TPD curves for the TiF3-doped LiAlH4-MgH2-LiBH4
system with those of TiF3-doped and un-doped LiAlH4, MgH2, and LiBH4. The
heating ramp for all the samples was 2 °C/min.
It is interesting to compare the curves for the samples of TiF3-doped LiBH4
and TiF3-doped LiAlH4-MgH2-LiBH4. The TiF3-doped LiBH4 sample starts to
release hydrogen at ~100 °C, which may be due to a possible reaction between
LiBH4 and TiF3 that forms more stable reaction products such as LiF, Ti, or TiB2,
which could be responsible for the catalytic role [30]. However, the TiF3-doped
LiBH4 sample has a slow decomposition, which cannot release hydrogen fully even
at 590 °C. In contrast, the TiF3-doped LiAlH4-MgH2-LiBH4 sample has decomposed
completely at 400 °C, indicating that both the LiAlH4 and TiF3 have positive effects
in enhancing the dehydrogenation of MgH2 and LiBH4.
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To understand the dehydrogenation mechanism, X-ray diffraction analysis was
carried out on the TiF3-doped ternary system, as well as on the reaction products.
Figure 6.19 shows the XRD patterns of the TiF3-doped LiAlH4-MgH2-LiBH4 sample
after ball milling for 30 min and of this milled sample after dehydrogenation at
different temperatures. Clearly, LiAlH4, MgH2, and LiBH4 phases are detected in the
as-milled sample, as well as some residual Al or LiH (with Al and LiH peaks
overlapping in the XRD patterns) due to the partial decomposition of LiAlH4.
However, no Ti or F related phases were observed in the as-milled sample, probably
owing to the small amount or the amorphous state.
After heating to 200 °C, the LiAlH4 phase disappeared, and the intensity of the
Al and LiH phases became stronger. The MgH2 and LiBH4 phases were still apparent,
and no other Mg or B containing phases were detected, indicating that the hydrogen
release from the system below 200 °C is due to the decomposition of LiAlH4. On
further heating to 320 °C, MgH2 disappeared, and Mg-Al alloys (Mg2 Al3 and
Mg17Al12) were formed. Meanwhile, the intermediate phase Li3Mg7 may also be
formed at this stage, since the Mg17Al12 and Li3Mg7 peaks overlap in the XRD
patterns, indicating that the hydrogen release in this temperature range of 200-320 °C
is mainly from the reaction of Al and/or LiH with MgH2. After further heating to 400
°C, the LiBH4 phase disappeared, indicating that the system is fully dehydrogenated
at 400 °C, agreeing well with the TPD results (Figure 6.17). It also can be seen that
the Mg17Al12 phase has disappeared and a new phase has formed. Zhang et al. have
suggested that the new phase is MgAlB4 in their Al-MgH2-LiBH4 (molar ratio, 1:1:4)
system [31]. In our case, due to the relatively low content of B, the new phase is
similar to MgB2 but possesses a smaller d-spacing value (Table 6.1), which indicates
that the Al might partly substitute for Mg during the formation of Mg-B alloy, with a
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ternary Mg-Al-B phase (Mg1-xAlxB2 alloy) formed as the product of the reaction
between LiBH4 and Mg17 Al12 at this stage. The ternary alloy Mg1-xAlxB2 has been
reported in previous studies related to the superconducting material MgB2 [32, 33].

Figure 6.19 X-ray diffraction patterns of the TiF3-doped LiAlH4-MgH2-LiBH4
system after ball milling for 0.5 h (S1), and after heating to 200 °C (S2), 320 °C (S3),
and 400 °C (S4), respectively.
It has also been demonstrated [42-45] that in the MgH2-LiBH4 system, MgB2
would be formed if the dehydrogenation is performed under a hydrogen pressure
above 3 bar, or when the dehydrogenation temperature is higher than 500 °C under
vacuum conditions 12,14,15]. However, in our TiF3-doped LiAlH4-MgH2-LiBH4
system, Mg1-xAlxB2 was formed instead of MgB2, even under vacuum and below 400
°C. Based on the above results, the three-step dehydrogenation pathway for the TiF3doped LiAlH4-MgH2-LiBH4 system is proposed to be as follows:
LiAlH4 + MgH2 + LiBH4 → Al + LiH + MgH2 + LiBH4 + 3/2H2
→ (1-21y)/27Mg17Al12 + (5+84y)/27Mg2 Al3 + yLi3 Mg7 + (1-3y)LiH + LiBH4 +
(1+3/2y)H2
→ 1/2Mg1-XAlXB2+ (1+x-14y)/4Mg2Al3 + yLi3Mg7 + (2-3y)LiH + (42y5x+1)/4Al + 3/2H2

(6.3)
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where x means the amount of Al which substitutes for Mg in MgB2 alloy, and y
means the amount of Li3Mg7 alloy.
Table 6.1 Comparison of d-spacings for S4 with MgB2 (PDF: 38-1369).

Since LiAlH4 was first thermally decomposed into LiH and Al in the case of
the TiF3-doped LiAlH4-MgH2-LiBH4 system (Figure 6.19), samples of LiH-AlMgH2-LiBH4, LiH-MgH2-LiBH4, and Al-MgH2-LiBH4 were prepared in order to
further confirm the effects of LiAlH4 on the un-doped ternary-hydride system. LiHAl-MgH2-LiBH4-TiF3 and MgH2-LiBH4-TiF3 samples were also prepared to
compare with the MgH2-LiBH4 system and the TiF3-doped LiAlH4-MgH2-LiBH4
system in order to investigate the effects of LiAlH4 on the TiF3-doped ternaryhydride system. The TPD curves for these samples are shown in Figure 6.20. It can
be seen that the onset dehydrogenation temperature of the MgH2-LiBH4 was
significantly reduced due to the addition of LiH, Al, or LiH + Al, where the addition
of LiH + Al together had the best effect. After further addition of TiF3, the onset
dehydrogenation temperatures of the

MgH2-LiBH4 and LiH-Al-MgH2-LiBH4

samples can be further lowered to 100 °C, which is likely to be due to a possible
reaction between LiBH4 and TiF3 that forms more stable reaction products, such as
LiF, Ti, or TiB2 [30]. However, in the TiF3-doped LiAlH4-MgH2-LiBH4 sample, the
TiF3 will react with LiAlH4 first, which leads to its low hydrogen release temperature
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(60 °C). The end dehydrogenation temperature of the TiF3-doped LiAlH4-MgH2LiBH4 and LiH-Al-MgH2-LiBH4 samples is lower than for the MgH2-LiBH4-TiF3
and MgH2-LiBH4 samples. These results confirmed the fact that LiAlH4 can improve
the dehydrogenation properties of the un-doped and TiF3-doped ternary-hydride
system through the effects of both LiH and Al in reaction with the MgH2-LiBH4
system.

Figure 6.20 Comparison of TPD curves of (a) MgH2-LiBH4 composite with LiHMgH2-LiBH4, Al-MgH2-LiBH4, and LiH-Al-MgH2-LiBH4; and (b) MgH2-LiBH4
composite with TiF3-doped MgH2-LiBH4, TiF3-doped LiH-Al-MgH2-LiBH4, and the
TiF3-doped LiAlH4-MgH2-LiBH4 system. The heating ramp for all the samples was 2
°C/min.

6.4.3 Kinetics and thermodynamics of dehydrogenation
The isothermal dehydrogenation kinetics of the TiF3 doped ternary hydride
system was further examined at 400oC. Samples of LiAlH4-MgH2-LiBH4 and MgH2LiBH4 were also examined under the same conditions for comparison. As shown in
Figure 6.21, it can be seen that there are two stages in the dehydriding process for all
three samples: fast dehydriding in the first short period, corresponding to the
decomposition of LiAlH4 and MgH2, and slow dehydriding thereafter, which mainly
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involves dehydriding from LiBH4. It also shows that the saturated dehydrogenation
process for the TiF3-doped LiAlH4-MgH2-LiBH4 sample can be limited to within 23
min, which is a much shorter time than for LiAlH4-MgH2-LiBH4 (45 min) or MgH2LiBH4 (69 min). These results further confirmed the significant effects of LiAlH4 and
TiF3 on the improvement of the dehydrogenation kinetics of the ternary-hydride
system.

Figure 6.21 Hydrogen desorption curves of MgH2-LiBH4, LiAlH4-MgH2-LiBH4, and
TiF3-doped LiAlH4-MgH2-LiBH4 at 400 °C.
Pressure-composition-temperature (PCT) measurements on the TiF3-doped
ternary-hydride system to examine its dehydrogenation were performed at 380, 400,
430, and 460 °C, as shown in Figure 6.22. The first step dehydrogenation process,
with a hydrogen capacity of ~2.6 wt % under 3 MPa, which was observed at all
temperatures, is likely to correspond to the decomposition of LiAlH4, since the
equilibrium pressure of LiAlH4 is higher than 3 MPa in these temperature ranges.
The second step dehydrogenation process, from 2.6-4.6 wt %, should correspond to
the decomposition of MgH2, according to the dehydrogenation mechanism described
in reaction formula (1). It is worth noting that the decomposition equilibrium
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pressures of MgH2 at 380 and 400 °C were below 3 MPa. However, no plateaus were
observed at this stage at these temperatures, indicating that the thermodynamics of
MgH2 is improved significantly by reacting with LiH and Al. The third step
dehydrogenation process, from 4.6-7.75 wt %, showed a plateau, which should
correspond to the decomposition of LiBH4.

Figure 6.22 Desorption P-C isotherms (PCT) of TiF3-doped LiAlH4-MgH2-LiBH4
measured at 380, 400, 430, and 460 °C. The inset shows the van’t Hoff plot for the
dehydrogenated TiF3-doped LiAlH4-MgH2-LiBH4 system.
It is well-known that the thermodynamic parameters, the desorption enthalpy
change (ΔH), and the entropy change (ΔS) of a metal hydride, can be calculated from
the temperature-dependent equilibrium pressure (P) in the van’t Hoff equation:
ln(Peq/Po) = ΔH/RT – ΔS/R, where Po is the standard pressure (1.01325 bar), T is the
absolute temperature, and R is the gas constant. The slope of the straight line is
proportional to ΔH, and the axis intercept is proportional to ΔS. The van’t Hoff plot
for the third step dehydrogenation reaction of the TiF3-doped LiAlH4-MgH2-LiBH4
system (logarithm of the equilibrium pressure versus the inverse of the absolute
temperature), using the medium equilibrium pressures (see Figure 6.22), is shown in
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the inset of Figure 6.22. The resultant van’t Hoff equation is expressed numerically
as ln(P eq/Po) = -6460/T + 11, and the enthalpy and entropy changes of
dehydrogenation are calculated as 54 kJ/mol-H2 and 91 J/K·mol-H2, respectively.
The dehydrogenation enthalpy is smaller than that of LiBH4 alone (74 kJ/mol-H2)
[10], indicating that the thermodynamics of LiBH4 is improved through the mutual
destabilization in the ternary-hydride system. The different enthalpy values in Vajo
et al.’s MgH2-LiBH4 binary system (42 kJ/mol-H2) [12] and in our LiAlH4-MgH2LiBH4 ternary system are attributed to their different dehydrogenation pathways, as
discussed above.

Figure 6.23 Absorption/desorption PCT curves for the TiF3-doped LiAlH4-MgH2LiBH4 system at 400 °C.
To

further

characterize

the

thermodynamic

properties

and

the

re/dehydrogenation behavior, the ab/desorption PC isotherms of the TiF3-doped
LiAlH4-MgH2-LiBH4 system were collected at 400 °C, as shown in Figure 6.23. The
isotherms show that the TiF3-doped system has a stable plateau from 1 to 3 wt %,
with a capacity of ~4 wt %, indicating good reversibility. The absorption and
desorption isotherms also display a hysteresis of ~10 bar, indicating a big
thermodynamic difference between the absorption and desorption.
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6.4.4 Rehydrogenation performance and mechanism
The reversibility and cyclic properties of the TiF3-doped ternary-hydride
system were further investigated. The rehydrogenation of the sample was conducted
under ~4 MPa of H2 at 400 °C after complete dehydrogenation. The un-doped
ternary system was also examined for comparison. Figure 6.24(a) displays the
evolution of pressure and temperature versus time during the first three
hydrogenation cycles of the TiF3-doped system and the first rehydrogenation cycle of
the un-doped sample. The set temperature, 400 °C, is reached in 40 min, and full
rehydrogenation is achieved within around 2 hrs. It also can be seen that the pressure
drop in the un-doped sample is smaller than that of the TiF3-doped sample, indicating
that the reversibility was improved by the addition of TiF3. The slight differences
between the pressure drops in the cycles of the TiF3-doped sample suggest a possible
loss of reversible storage capacity. The TPD curves for the first three
dehydrogenation cycles of the TiF3-doped samples and the first dehydrogenation
cycle of the un-doped samples are shown in Figure 6.24(b). The first reversible
hydrogen capacity was 2.3 wt % in the un-doped sample. However, the TiF3-doped
sample can be rehydrogenated to 4.4 wt % in the first cycle, indicating that the
reversibility was enhanced significantly. The reversible hydrogen capacity drops
slightly for the TiF3-doped samples during cycling. It decreases from 4.4 wt % (first
dehydrogenation) to 4.3 wt % (second dehydrogenation) and 4.2 wt % (third
dehydrogenation). These results are in good agreement with the rehydrogenation
measurements shown in Figure 6.24(a) and further confirm the effects of TiF3 on the
rehydrogenation properties of the ternary system.
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Figure 6.24 (a) Evolution of the pressure and temperature (shown as black dashed
line) versus time during the hydrogenation cycles of the LiAlH4-MgH2-LiBH4
system with and without catalyst, and (b) comparison of the TPD curves for the first
to third dehydrogenation cycles of the TiF3-doped system with the first
dehydrogenation cycle of the un-doped system. The hydrogenations were performed
at ~38 bar of H2, 400 °C.
It is worth noting that the rehydrogenated TiF3 -doped sample shows two
major hydrogen release steps, starting at 250 °C and completed at 460 °C, with
hydrogen capacities of 1.63 wt % and 2.77 wt %, respectively, which are similar to
those found in the second and third dehydrogenation processes in the as-milled TiF3
doped samples (Figure 6.17). This suggests that the hydrogen released from the
rehydrogenated sample is from the separate contributions of the reformed MgH2 and
LiBH4. X-ray diffraction analysis was carried out on the first rehydrogenation of the
TiF3-doped sample to determine the rehydrogenation products. As shown in Figure
6.25, the LiBH4 and MgH2 phases can be clearly observed. However, the Mg1XAlXB2

and Mg2Al3 phases also remain in the product, indicating that the

recombination of MgH2 and LiBH4 is incomplete under these rehydrogenation
conditions. From the TPD results on the as-milled TiF3-doped sample (Figure 6.17),
we can determine that about 2.19 and 3.29 wt % of hydrogen have been released
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from MgH2 and LiBH4, respectively, indicating that the majority of the MgH2 and
LiBH4 was re-formed in the rehydrogenated sample. Therefore, two kinds of
hydrogenation reactions might take place as follows:
2Li3 Mg7 +17H2 → 14MgH2 + 6LiH

(6.4)

Mg1-XAlXB2 + 2LiH + (4-x)H2 → (1-x)MgH2 + 2LiBH4 + xAl

(6.5)

Figure 6.25 X-ray diffraction pattern of the TiF3-doped LiAlH4-MgH2-LiBH4 system
after rehydrogenation at 4 MPa and 400 °C for 5 h. The inset shows an enlargement
of the indicated region.
Basically, the fact that the LiAlH4-MgH2-LiBH4 system possesses superior
hydrogen storage properties compared with the unary components (LiAlH4, MgH2
and LiBH4) or binary mixtures of those components (LiAlH4-MgH2, LiAlH4-LiBH4
and MgH2-LiBH4) could be attributed to the mutual interactions among the three
hydrides. The formation of Li-Mg alloy, Al-Mg alloy, and ternary Mg-Al-B alloy
during dehydrogenation may change the thermodynamics of the reactions by
changing the de/rehydrogenation reaction pathway. Therefore, the reaction
mechanism in this ternary hydride system is different from those in both the unary
and the binary systems. In the doped case, the TiF3 component in the doped system
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plays a catalytic role, which strengthens this interaction, thus further improving its
de/rehydrogenation. Blanchard et al. [34] has claimed that Al and Al-Ti solid
solution crystallites played an effective role in improving the de/rehydrogenation of
LiBH4 in their TiCl3-doped LiAlH4-LiBH4 system. Meanwhile, the function of the
fluorine anion has also been demonstrated to be active when it is doped into NaAlH4
[22] or MgH2 [24]. In this regard, both a Ti-containing catalyst, such as Ti, TiH2, TiAl, or Ti-B compound, and an F-containing catalyst such as LiF may contribute to
the improvement of de/rehydrogenation in our case. However, it is not clear at
present that any of the possible F or Ti-containing catalysts has been actually formed
and acted as a catalyst during the dehydrogenation/rehydrogenation process, as they
are all difficult to identify by XRD. More detailed characteristic studies of the
intermediate phases and catalysis mechanism in the TiF3-doped LiAlH4-MgH2LiBH4 system are still required.
6. 5 Chapter summary
The prepared LiAlH4-MgH2-TiF3 composite achieves a much lower onset
dehydrogenation temperature (60 °C) and faster dehydrogenation kinetics compared
to LiAlH4-MgH2. Furthermore, the hydrogen absorption properties of the LiAlH4MgH2-TiF3 composite were also significantly improved. The PCT curves clearly
exhibited two plateaus during the decomposition of MgH2, corresponding to the
formation of Li-Mg and Mg-Al alloys, demonstrating the interaction of LiAlH4 with
MgH2. It has also been demonstrated that the TiF3 component in the doped system
plays a catalytic role through the formation of Ti-containing and F-containing
catalytic species, which strengthens the interaction between LiAlH4 and MgH2, and
thus further improves the dehydrogenation and hydrogenation of this system.
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The TiF3-doped LiAlH4–LiBH4 system prepared by ball milling exhibits
improved hydrogen sorption performance. Compared to the un-doped LiAlH4–LiBH4
system, the onset decomposition temperature for the 5 mol % TiF3 doped sample was
decreased from 118 °C to 54 °C. Pressure-composition-temperature (PCT) and van’t
Hoff plots demonstrate that the decomposition enthalpy of LiBH4 in the TiF3 doped
LiAlH4–LiBH4 system decreased from 74 kJ/(mol of H2) for the pure LiBH4 to 60.4
kJ/(mol of H2). In addition, the dehydrogenation products of the TiF3 doped LiAlH4–
LiBH4 system can absorb 3.76 and 4.78 wt.% of hydrogen in 1 h and 14 h ,
respectively, at 600 °C and 4 MPa of hydrogen. The XRD results demonstrated the
formation of LiBH4 in the rehydrogenated sample.
It has also been demonstrated that there is a mutual destabilization between the
hydrides in the ternary LiAlH4-MgH2-LiBH4 system, which exhibits superior
hydrogen storage properties compared with the unary components (LiAlH4, MgH2
and LiBH4) or binary mixtures of those components (LiAlH4-MgH2, LiAlH4-LiBH4
and MgH2-LiBH4). XRD analysis indicates that the intermediate compounds, Li-Mg,
Mg-Al, and Mg-Al-B alloys, formed during dehydrogenation, may improve the
thermodynamics of reactions by changing the de/rehydrogenation pathway. After
doping with TiF3, the dehydrogenation kinetics of the system can be further
improved, and the dehydrogenation is completed below 400 °C. The enthalpy change
of the dehydrogenation for the TiF3-doped system is identified as 54 kJ/mol-H2 by
means of pressure-component isotherms and the van’t Hoff equation, which is
smaller than for LiBH4 alone (74 kJ/mol-H2), demonstrating the mutual
destabilization among the three hydrides. The TiF3 doped ternary system showed
excellent reversibility and cyclic properties. The formation of both MgH2 and LiBH4
could be detected by XRD in the rehydrogenated sample.
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7

CHAPTER 7 ENHANCED HYDROGEN SORPTION PROPERTIES
OF NI- AND CO-CATALYZED MAGNESIUM HYDRIDE

7. 1 Introduction
As described in Chapter 2, magnesium hydride has excellent potential for
automotive applications due to its very high theoretical hydrogen storage capacity
(7.6 wt %), abundance, and low cost [1]. However, application is restricted by the
high absorption/desorption temperatures and slow kinetics. During the past decade,
various catalysts have been doped into MgH2 by mechanical milling to overcome the
kinetic limitations, including transition metals, hydrogen storage alloys, metal oxides,
and graphite, resulting in improved kinetics, but within the thermodynamic limit.
Among them, transition-metal compounds have shown high effective catalysis due to
the high affinity of transition-metal cations toward hydrogen [2-12]. For example,
Hanada et al. [3] found that a large amount of hydrogen (6.5 wt %) could be released
in the temperature range from 150 to 250 °C from a 2 mol % nano-Ni doped MgH2
composite prepared by a short mechanical milling at low rpm. Oelerich et al. [5]
reported that a small addition of Nb2O5 significantly improves both the absorption
and desorption kinetics of MgH2. In particular, Simchi et al. [8] investigated the
effects of Ni and Nb2O5 on the dehydrogenation properties of nanostructured MgH2
synthesized by high-energy mechanical alloying. They found that the presence of 0.5
mol% Ni and Nb2O5 can significantly enhance the hydrogen desorption kinetics of
MgH2 due to their synergetic effects. More recently, transition metal fluorides, such
as TiF3 and NbF5, have been introduced into MgH2 to enhance its kinetics [13-16].
Xie et al. [13] reported on MgH2 nanoparticles milled with 5 wt.% TiF3 in a
hydrogen atmosphere, where the sample desorbed 4.5 wt.% hydrogen in 6 min under
an initial hydrogen pressure of ~0.001 bar at 573 K and absorbed 4.2 wt.% hydrogen
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in 1 min under ~20 bar hydrogen at room temperature. Luo et al. [15] reported that
MgH2 + 2 mol% NbF5 milled for 5 h could absorb 5 wt.% hydrogen in 12 s and 6
wt.% in 60 min, and desorb 4.4 wt.% in 10 min and 5 wt.% in 60 min at 573 K. It
was claimed that both metal and fluorine anions contribute to the kinetic
enhancement of MgH2. As sources of both transition metal and halogen anions,
transition metal halides are attractive for use as an additive to prepare an Mg-based
hydrogen storage system. On the other hand, Ni and Co are good catalysts for
lowering the dehydrogenation temperature and enhancing the sorption kinetics of
Mg-based materials [10]. In this chapter, NiCl2 and CoCl2, with the aim of
combining the functions of both transition metal cations and chlorine anions, have
been introduced to prepare a MgH2 - metal chloride system. The catalytic mechanism
underlying the characteristic enhancement is also discussed.
7. 2 Preparation
The MgH2 (98% purity), NiCl2 (98% purity), and CoCl2 (99.9% purity) were
purchased from Sigma-Aldrich. The MgCl2 (99.9% purity) was obtained
commercially form Alfa Aesar. All the starting materials were used directly without
pretreatment. The MgH2, MgH2 + 10 wt % NiCl2 mixture and MgH2 + 10 wt %
CoCl2 mixture were introduced into a stainless steel vial together with stainless steel
balls in an argon atmosphere glove box. The sealed steel vials were put on a
planetary QM-1SP2 ball mill for 2 h milling at 500 rpm.
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7. 3 Hydrogen sorption properties of Ni and Co − catalyzed MgH2 materials

7.3.1 Hydrogen desorption performance
Figure 7.1 presents temperature-programmed desorption (TPD) curves for the
dehydrogenation of the MgH2/additive mixtures compared to pure MgH2. The
MgH2/NiCl2 sample (III) starts to release hydrogen at 300 °C, which is lower than
for pure MgH2 (I), in which the onset hydrogen desorption temperature is about 330
°C. The sample of MgH2/CoCl2 (II) had a similar initial desorption temperature of ~
304 °C compared to the MgH2/NiCl2 sample. However, the MgH2/NiCl2 sample
showed faster desorption rates during the heating. For example, a hydrogen
desorption capacity of 4.0 wt % was reached on heating the MgH2/NiCl2 sample to
330 °C. In contrast, the temperature for the MgH2/CoCl2 sample and the pure MgH2
sample is 340 °C and 360 °C, respectively, to reach the same dehydrogenation
capacity.

Figure 7.1 TPD curves of 2 h ball-milled (I) MgH2, (II) MgH2 + 10 wt.% CoCl2,
and (III) MgH2 + 10 wt.% NiCl2. The heating rate for all the samples was 2 °C/min.
For further investigating the hydrogen desorption kinetics, the quantity of
hydrogen desorbed from each sample at constant temperature was measured. Figure
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7.2 presents the constant temperature process for the three samples described. The
desorption rate was much slower for the pure MgH2 (I) at 350 °C. However, the
desorption kinetics increased dramatically after the catalyst was added. The
MgH2/CoCl2 sample (III) can release 3.41 wt % hydrogen in 3.5 min at 350 °C.
Under the same conditions, a hydrogen release of 5.78 wt % was achieved in the case
of the MgH2/NiCl2 sample. However, pure MgH2 only desorbed 0.4 wt % hydrogen
after 3.5 min, and 10 min was required to release 3.41 wt % hydrogen. Evidently, the
MgH2/NiCl2 mixture exhibits better dehydrogenation properties than the uncatalyzed and the CoCl2-catalyzed MgH2. Further studies revealed a similar result for
the MgH2/NiCl2 sample at low temperature. Comparing the desorption curves at 350
°C and 300 °C, it can be conclude that NiCl2 has better catalytic effects than CoCl2 in
improving the desorption kinetics of MgH2. The MgH2/NiCl2 sample released 4.58
wt % of hydrogen in 60 min at 300 °C, which is 2.37 wt % and 3.81 wt % higher
than for the MgH2/CoCl2 and pure MgH2 samples (Fig. 7.2(b)).

Figure 7.2 Hydrogen desorption curves of 2 h ball-milled (I) MgH2, (II) MgH2 + 10
wt.% CoCl2, and (III) MgH2 + 10 wt.% NiCl2 under an initial hydrogen pressure of
~0.001 bar at (a) 350 °C and (b) 300 °C.
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7.3.2 Hydrogen absorption performance
Figure 7.3 shows the hydrogen absorption curves of the MgH2, MgH2/CoCl2,
and MgH2/NiCl2 samples, prepared by ball milling for 2 h in an argon atmosphere.
Before the hydrogen absorption measurements, the three samples were degassed at
400 °C for 2 h for complete dehydrogenation. Evidently, the MgH2/NiCl2 mixture
exhibits better hydrogen absorption properties than the MgH2/CoCl2 or the ball
milled MgH2. In the case of the MgH2/NiCl2 sample, a hydrogen absorption capacity
of 5.17 wt % was reached at 300 °C in 60 s. In contrast, 306 s is required for the
MgH2/CoCl2 mixture to reach the same absorption capacity. However, the ballmilled MgH2 absorbed less than 3.51 wt % hydrogen at 300 °C, even after 400 s.
Furthermore, the MgH2/NiCl2 sample can absorb 4.22 wt % hydrogen at 250 °C
within 400 s, which is larger than the absorbed capacity for pure MgH2 at 300 °C.
There is no evident enhancement of the absorption kinetics at a low temperature such
as 200 °C.

Figure 7.3 Hydrogen absorption curves of MgH2 at (I) 200 °C and (III) 300 °C;
MgH2 + 10 wt.% NiCl2 at (II) 200 °C, (IV) 250 °C, and (VI) 300 °C; and MgH2 + 10
wt.% CoCl2 at (V) 300 °C. All samples were ball milled for 2 h.
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7.3.3 Hydrogen absorption/desorption cycling performance
Since NiCl2 enhances the hydrogen absorption/desorption kinetics of MgH2, the
cycling performance of the MgH2/NiCl2 mixture was further characterized, as shown
in Figure 7.4. As the material possesses fast kinetics at 300 °C and 350 °C in
absorption and desorption, respectively, those temperatures were applied in
absorption/desorption cycles to evaluate the performance stability. It can be seen that
the absorption/desorption kinetics persisted well, even after 9 cycles, indicating the
favourable cycle life of the MgH2/NiCl2 system. However, the hydrogen capacity
deteriorated to 5.23 wt % in the 10th cycle.

Figure 7.4 Hydrogen absorption (bottom) and desorption (top) curves of MgH2 + 10
wt.% NiCl2 mixture in the 1st and 10th cycles.
X-ray diffraction patterns were collected after the 1st and 10th hydrogenations
and dehydrogenations, as shown in Figure 7.5. MgCl2 was detected in all the
hydrogenated and dehydrogenated states after cycling. MgH2 and Mg2NiH4 are
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observed in the patterns of the hydrogenated states, while Mg and Mg2Ni are present
in the patterns of the dehydrogenated powders. Clearly, MgH2 and Mg2NiH4 are the
compounds involved in the hydrogen cycles. In addition, some MgO phase was
trapped in both the hydrogenation and dehydrogenation states, which may result in a
decrease in the capacity after cycling.

Figure 7.5 X-ray diffraction patterns for the MgH2/10 wt % NiCl2 sample (a) after
the 1st hydrogenation, (b) after the 10th hydrogenation, (c) after the 1st hydrogenationdehydrogenation, and (d) after the 10th hydrogenation-dehydrogenation.
7. 4 Kinetic study of the dehydrogenation
The activation energy (Ea) for dehydrogenation was determined through further
study of the dehydrogenation kinetics by the Arrhenius equation, K(T) = A exp(Ea/RT ), where K is a temperature-dependent reaction rate constant, A is the preexponential factor, Ea is the apparent activation energy, R is the gas constant, and T
is absolute temperature. Therefore it is necessary to determine the value of K before
calculating the activation energy. Usually, the K can be determined by analyzing the
isothermal hydrogen desorption curves with appropriate solid state kinetic rate
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expressions, which are derived from the corresponding solid-state reaction
mechanism models such as the nucleation, the geometrical contraction, the diffusion,
and the reaction order models, which are based on the different geometries of the
particles and the different driving forces. Thus, the obtained model from fitting the
desorption data also reflects the desorption mechanism. The kinetic rate-determining
steps for Mg-based materials have been widely determined by fitting the desorption
curves with the Johnson-Mehl-Avrami (JMA) equation [17-19], α(t) =1-exp[-(kt)n],
where α(t) is the fraction already reacted at time t, k is the rate constant, and n is the
Avrami exponent, which reflects generally the nucleation, the growth morphology,
and the magnitude. Using the JMA equation, the Avrami exponent n and the rate
constant K can also be determined by fitting the desorption curve. The isothermal
dehydrogenation data for pure and doped MgH2 at 350 °C were plotted as ln[-ln(1α(t))] versus ln(t) to fit the rearranged JMA equation: ln[-ln(1-α(t))] = n ln(t) + n
ln(k), as shown in Figure 7.6(a). It can be clearly seen that ln[-ln(1-α)] varies linearly
with ln(t) over the range of 0.2 < α < 0.8, with a linearity constant of R2 > 0.997 in
the case of the doped MgH2 samples. In contrast, the curves of only ball-milled
MgH2 cannot be fitted with the JMA model. The results indicate that the un-doped
and doped MgH2 have different desorption mechanisms, corresponding to the
different sigmoidal desorption curves of the un-doped and doped MgH2 samples
(Figure 7.2), which also suggest a different desorption mechanism. The n value was
determined to be 1.65 and 1.84 for MgH2/NiCl2 and MgH2/CoCl2, respectively,
suggesting that the nucleation is fast and controlled by one or two-dimensional
growth [20, 21]. Similar results have been suggested by Liang et al. [2] and Honada
et al. [3], based on their nickel metal doped Mg samples. In the case of ball-milled
MgH2, the kinetic analysis revealed the best fit for the dehydrogenation to be the
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reaction mechanism based on the Mampel unimolecular law formulated through the
random nucleation approach. As can be seen in Figure 7.6(b), the curves of pure
MgH2 were fitted well by the Mampel unimolecular equation [22]: kt = -ln(1-α) by
plotting -ln(1-α) vs. t over the range of 0.2 < α < 0.8, with a linearity constant of R2 >
0.999. Apart from the JMA and Mampel models, other kinetic models [11], such as
the contracting volume and surface controlled models, have also been tried for the
desorption data, but fitted less well. According to the JMA and Mampel equations,
ln(k) at 350 °C was calculated to be -6.02, -5.81, and -4.74 respectively for the MgH2,
MgH2/CoCl2, and MgH2/NiCl2 samples, and the corresponding value of k is 2.43 ×
10-3 s-1, 3.0 × 10-3 s-1, and 8.74 × 10-3 s-1, respectively. As expected, the faster
dehydrogenation rates are associated with the larger values of k.

Figure 7.6 (a) JMA plots for the un-doped and doped MgH2 samples, and (b)
Mampel model for the dehydrogenation of the pure MgH2 sample.
After determining the value of ln(k), the activation energy (Ea) can be calculated
by the Arrhenius equation. Figure 7.7 contains the Arrhenius plots for the
dehydrogenation of un-doped and doped MgH2. Good linearity between ln k and 1/T
is obtained. The apparent activation energy (Ea) calculated is about 158.5 kJ/mol for
MgH2 that was ball milled for just 2 h, which is similar to the values of 160 and 156
kJ/molH2 for un-milled MgH2 as estimated by J. Huot el al. [18] and Fernández et al.
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[19], respectively, indicating that a 2 h ball milling is not enough to enhance the
desorption kinetics of pure MgH2. However, after doping with CoCl2 or NiCl2, the
activation energy was lowered to 121.3 and 102.6 kJ/mol, respectively, which
indicates a great enhancement in kinetics.

Figure 7.7 Arrhenius plots for the dehydrogenation of MgH2, MgH2/CoCl2, and
MgH2/NiCl2 samples.
7. 5 Structure and mechanism study
As is discussed above, the hydrogen desorption from milled MgH2 is controlled
by a slow, random nucleation and growth process, which has also been suggested by
Liang et al. [23]. After doping with NiCl2 and CoCl2, the hydrogen desorption
reaction is controlled by one or two-dimensional growth, suggesting that the
additives reduce the barrier for nucleation, thus making hydrogen desorption take
place at very low driving forces. On the other hand, a transition metal such as Ni or
Co is a good catalyst to facilitate the dissociation of hydrogen molecules and the
recombination of hydrogen atoms into the molecular state. When hydrogen
desorption takes place, the Mg–H bond of MgH2 could be activated by the catalyst.
The XRD patterns for MgH2/NiCl2 and MgH2/CoCl2 after ball milling and after
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desorption are presented in Figure 7.8. Clearly, only single MgH2 phase was detected
in the milled reactant. No species containing Ni, Co, or Cl could be detected in any
of the as-prepared samples with catalysts, possibly because the amounts of these
additives were too low to generate detectable diffraction intensity in our XRD
machine.

Figure 7.8 X-ray diffraction patterns for MgH2/10 wt % CoCl2 sample (a) before and
(c) after dehydrogenation, and MgH2/10 wt % NiCl2 sample (b) before and (d) after
dehydrogenation.
After dehydrogenation, as well as Mg, MgO was also detected in both catalyzed
samples due to the slight oxygen contamination. In addition, MgCl2 phase was
detected in both of the two doped samples, while Mg2Ni and a Mg-Co phase were
also observed in MgH2/NiCl2 and MgH2/CoCl2, respectively suggesting that a
reaction 3MgH2 + NiCl2 → MgCl2 + Mg2Ni + 3H2 and MgH2 + CoCl2 → MgCl2 +
Mg-Co + H2 might partially take place during the dehydrogenation process for
MgH2/NiCl2 and MgH2/CoCl2, respectively. The above reaction during the
desorption may tip the balance of the decomposition of MgH2 toward one direction,
resulting in lower desorption temperature and faster dehydrogenation as observed.
The dehydrogenation products such as MgCl2, Mg2Ni, and Mg-Co alloy may also
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catalyze the hydrogenation/dehydrogenation of MgH2 effectively, especially after
cycling. As can be seen in Figure 7.5, the NiCl2 phase disappeared, and the new
phases MgCl2 and Mg2Ni formed after cycling, indicating that the MgCl2 and Mg2Ni
may be responsible for the kinetic enhancement after cycling.

Figure 7.9 X-ray diffraction patterns for 3MgH2/CoCl2 sample (a) before and (d)
after dehydrogenation, and 3MgH2/NiCl2 sample (b) before and (c) after
dehydrogenation. All the samples were ball milled for 2 h.
To prove the catalytic effects of MgCl2, Mg2Ni, and Mg-Co alloy on MgH2, the
following samples were prepared. In the MgH2-MgCl2 sample, 10 wt.% MgCl2 was
doped into MgH2 by ball milling under argon for 2 h. In the MgH2-(MgCl2+Mg2Ni)
and MgH2-(MgCl2+Mg-Co) samples, a stoichiometric mixture of 3MgH2 + NiCl2 or
3MgH2 + CoCl2 was first ball milled for 2 h, then totally dehydrogenated, and finally
ball-milled with 90 wt.% MgH2 for 2 h. Figure 7.9 presents the XRD patterns for the
3MgH2 + NiCl2 and 3MgH2 + CoCl2 mixtures before and after dehydrogenation.
Clearly, NiCl2 and CoCl2 were present along with the MgH2 phase after milling, due
to the large quantities of NiCl2 and CoCl2 that were added. After dehydrogenation,
the initial materials, MgH2, NiCl2, and CoCl2 disappeared. The main phases in the
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case of MgH2/NiCl2 are MgCl2 and Mg2Ni. Similarly, the main phases in the
MgH2/CoCl2 sample are MgCl2 and Mg2Co, but some residual Mg was also observed.
The TPD curves for these samples along with the pure MgH2 sample are shown
in Figure 7.10. It shows that the dehydrogenation of MgH2 was improved by doping
with MgCl2 alone or MgCl2 in combination with Mg-based alloy. Furthermore, the
dehydrogenation of MgH2 doped with MgCl2 and Mg2Ni is better than when doped
with MgCl2 and Mg2Co together, indicating that the Mg2Ni is more active than
Mg2Co. These results suggest that all the dehydrogenation products, MgCl2, Mg2Ni,
and Mg2Co, may play an important role in improving the hydrogen sorption kinetic
properties of MgH2, while MgCl2 may play the dominant role.

Figure 7.10 Comparison of the TPD curves for 2 h ball-milled MgH2, MgH2 + 10
wt.% MgCl2, MgH2 + 10 wt.% (MgCl2+Mg2Ni), and MgH2 + 10
wt.%(MgCl2+Mg2Co). The heating rate for all the samples was 2 °C/min.
7. 6

Chapter summary

The dehydrogenation temperature and the sorption kinetics of MgH2 have been
improved by doping with NiCl2 or CoCl2, among which the MgH2/NiCl2 sample
shows better sorption properties than the CoCl2 doped sample. A hydrogen
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absorption capacity of 5.17 wt % can be reached in 60 s at 300 °C for the
MgH2/NiCl2 sample, while only 3.51 wt % hydrogen was absorbed by pure MgH2,
even after 400 s under the same conditions. In addition, the activation energy of
dehydrogenation was estimated to be 158.5, 121.3, and102.6 kJ/mol for the pure
MgH2, MgH2/CoCl2, and MgH2/NiCl2 sample, respectively. Furthermore, the
enhanced kinetics was found to persist even after 9 cycles in the MgH2/NiCl2 sample.
Further kinetic investigation indicated that the hydrogen desorption from the milled
MgH2 is controlled by a slow, random nucleation and growth process, which is
transformed to two-dimensional growth after NiCl2 or CoCl2 doping, suggesting that
the additives reduced the barrier and lowered the driving forces for nucleation. On
the other hand, both NiCl2 and CoCl2 can readily react to form MgCl2, which may
have preferentially segregated on the surface, thus catalyzing the hydrogen sorption.
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8

CHAPTER 8 STUDY ON THE DEHYDROGENATION KINETICS
AND THERMODYNAMICS OF CALCIUM BOROHYDRIDE

8. 1 Introduction
As described in Chapter 2, Ca(BH4)2 has a high theoretical hydrogen capacity of
11.5 wt % and is considered as a prospective material for hydrogen storage. Recently,
the structure and dehydriding behaviour of Ca(BH4)2 have been explored both
theoretically and experimentally [1-6]. The most likely decomposition routes of
Ca(BH4)2 are assumed from density functional theory (DFT) calculations to be as
described in the following equations [7]:
Ca(BH4)2 → 2/3 CaH2 + 1/3 CaB6 +10/3 H2

(8.1)

ΔHDFT = -40.6 kJ/mol-H2, ΔSDFT = 109.3 J/K·mol-H2, yield = 9.6 wt % H2
where ΔHDFT is the change in enthalpy calculated from density functional theory and
ΔSDFT is the calculated entropy of the reaction.
Ca(BH4)2 → CaH2 + 2B +3 H2

(8.2)

ΔHDFT = -57.3 kJ/mol-H2, ΔSDFT = 105.7 J/K·mol-H, yield = 8.7 wt % H2
However, according to reported experimental results, the following dehydrogenation
path of Ca(BH4)2 has been suggested [6,7]:
Ca(BH4)2 → CaH2 + intermediate compound → CaH2 + CaB6 + H2

(8.3)

More recently, Riktor et al. [8] identified the unknown intermediate compound to be
CaB2Hx by high-resolution synchrotron radiation powder X-ray diffraction and
suggested that x most probably equals 2. In contrast, Wang et al. [9] suggested the
intermediate compound to be CaB12H12 by experiment and first-principle calculations.
However, at present, the detailed dehydrogenation kinetics and thermodynamics
of Ca(BH4)2 are still unclear, which has considerable importance for understanding
the nature of the hydrogen storage properties. In addition, according to the DFT
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prediction, the hydrogen desorption of eq. (8.1) should occur at temperatures around
98 °C at 1.0 atm hydrogen pressure. Unfortunately, a detectable rate of hydrogen
desorption was experimentally attained only at temperatures above 200 °C,
indicating the presence of a relatively high kinetic and thermodynamic barrier for
this reaction.
In this chapter, the thermal decomposition process of Ca(BH4)2 was studied by
differential thermal analysis (DTA), thermal analysis mass spectrometry (TA/MS),
temperature-programmed

desorption

(TPD),

and

X-ray

diffraction

(XRD)

measurements. The results indicate that the dehydrogenation process of Ca(BH4)2 is
a two-step reaction. The apparent activation energy was further calculated and is
discussed. For the dehydrogenation kinetic mechanism, isothermal hydrogen
desoption measurements were conducted on the first-step decomposition of Ca(BH4)2,
and the curves obtained were analyzed by the linear plot method. The
dehydrogenation process of Ca(BH4)2 was found to be a geometrical contractioncontrolled kinetic mechanism. In addition, the thermodynamic parameters of
enthalpy change and entropy change were calculated and are discussed.
8. 2 Thermal decomposition performance and mechanism
The hydrogen desorption of Ca(BH4)2 was studied by means of DTA and
TA/MS, as shown in Figure 8.1. One sharp and one broad endothermic peak with
small shoulders are observed between 200 and 600 °C in the DTA curve.
Correspondingly, at least two overlapping peaks are confirmed in the TA/MS curve
of Ca(BH4)2. As seen from the TA/MS results, two peaks of hydrogen evolution are
obvious in the temperature range of 300-500 °C, with the peak temperatures at
around 370 and 460 °C, respectively. The DTA and TA/MS results indicate that the
dehydrogenation process of Ca(BH4)2 is a two-step reaction, which suggests the

237

presence of an intermediate compound, similar to the case of LiBH4 [10]. So far,
Ca(BH4)2 has been reported to desorb hydrogen in accordance with eq. (8.3), and an
intermediate compound has also been suggested [8,9].

Figure 8.1 Thermal analysis mass spectrometry (TA/MS) and differential thermal
analysis (DTA) curves of Ca(BH4)2.
To better understand the decomposition mechanism, XRD diffraction analysis
was carried out on the as-received Ca(BH4)2, as well as on the dehydrogenation
products. Fig. 8.2 shows the XRD patterns of the as-received Ca(BH4)2 before and
after dehydrogenation at 320 and 500 °C, respectively. The as-received Ca(BH4)2 is a
mixture of α-, β-, and γ-Ca(BH4)2, but is mainly α-Ca(BH4)2. After dehydrogenation
to 320 ˚C, most Ca(BH4)2 peaks were absent, and new compounds, corresponding to
an intermediate compound and some CaH2 were observed. The peak positions of the
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intermediate compound agree well with previous reports [5,7]. However, there is still
some disagreement about the intermediate phase. Ozolins et al. [11] predicted the
possible intermediate CaB12H12 by theoretical first-principles methods. Wang et al. [9]
suggested the intermediate compound to be CaB12H12 by experiment and firstprinciples calculations. However, Riktor et al. [8] have proposed CaB2Hx as the
unknown intermediate compound by high-resolution synchrotron radiation powder
X-ray diffraction and suggested that the x most probably equals 2. The different
results show that the decomposition scheme for Ca(BH4)2 may be highly dependent
on the experimental conditions. After dehydrogenation at 500 ˚C, the intermediate
disappeared, and the main phase is CaH2. The results of XRD also indicate that the
dehydrogenation process of Ca(BH4)2 is a two-step reaction.

Figure 8.2 XRD patterns of Ca(BH4)2 before (a) and after dehydrogenation at (b)
500 °C and (c) 320 °C.
8. 3 Kinetics of dehydrogenation
The quantity of hydrogen desorbed from each reaction step was further
measured by the volumes of hydrogen gathered, starting from vacuum. Figure 8.3(a)
shows the TPD results for Ca(BH4)2 at variable heating rates. Hydrogen desorption
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starts at about 320 °C with two evident desorption steps, comparing well with the
TA/MS results. Hydrogen desorption curves were shifted to higher temperatures as
the heating rate increased from 1 to 10 °C/min, as expected. In the case of 1 °C/min,
the two dehydrogenation steps take place one after the other in the temperature
ranges of 310-350 and 350-500 °C to desorb 5.66 and 4.23 wt % hydrogen,
respectively. In the case of 10 °C/min, the two dehydrogenation steps take place one
after the other to desorb 5.96 and 3.88 wt % hydrogen, respectively, in the
temperature ranges of 310-380 and 380-500 °C. The hydrogen desorption rates of
Ca(BH4)2 were calculated from the hydrogen desorption curves by plotting the
hydrogen desorption capacity against time (Figure 8.3(b)). Two maximum desorption
rates were clearly observed in all the cases of different heating rates, corresponding
to the two-step dehydrogenation of Ca(BH4)2 and comparing well with the TA/MS
and TPD results. The temperatures for the first maximum desorption rate are 335,
348, 357 and 366 °C; 411, 427, 437 and 443 °C are observed for the second
maximum desorption rate, corresponding to the heating rates of 1, 3, 5, and 10
°C/min, respectively. The discrepancy in the peak temperatures originates from the
particular temperature/hydrogen desorption experiments, as the TA/MS and DTA
were carried out in hydrogen atmosphere and in inert gas, respectively.
The activation energy (Ea), for the hydrogen desorption mechanism of Ca(BH4)2
was obtained from TPD measurements at different heating rates by Kissinger’s
method [12]:
ln(β/Tm2)= - Ea/RT

(8.4)

where β is the heating rate in °C/min, Tm is the absolute temperature for the
maximum desorption rate, and R is the gas constant. In the present study, Tm was
extracted from the hydrogen desorption rate curves at variable heating rates, as

240

shown in Figure 8.3(c). The Tm shifts to higher values when the heating rate
increases from 1 °C /min to 10 °C /min. The plot of ln(β/Tm2) versus 1/ Tm is also a
straight line, as shown in Figure 8.3(c). From the slope of the straight line, the
activation energy Ea was determined to be approximately 225.37 and 280.51 kJ/mol
for the first-step and second-step dehydrogenation reactions of Ca(BH4)2,
respectively.

Figure 8.3 TPD (a) and hydrogen desorption rate (b) curves of Ca(BH4)2 at various
heating rates; and the Kissinger’s plot (c).
For further investigating the mechanism of the reaction kinetics, isothermal
dehydrogenation experiments were carried out at 300-360 °C. Figure 8.4(a) shows
the isothermal dehydrogenation curves of Ca(BH4)2 at 300, 320, 340, and 360 °C. As
the operating temperature increased, the dehydrogenation rate distinctly speeded up.
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At 300 °C, only 0.77 wt % hydrogen was released at 120 min. In contrast, 3.8, 4.3,
and 5.37 wt % hydrogen can be released at 120 min at 320, 340, and 360 °C,
respectively. The isothermal dehydrogenation curves at 320, 340, and 360 °C exhibit
the typical sigmoidal shape, with a short induction period, followed by an
acceleration period for dehydrogenation, and finally a decaying period. It takes 4 min
to desorb 50 % of the hydrogen from the first-step desorption at 360 °C, but 14 and
49 min are required to desorb the same amount of hydrogen at 340 and 320 °C,
respectively.
To further investigate the rate constant, the activation energy (Ea) of the firststep dehydrogenation of Ca(BH4)2 was further evaluated by the Arrhenius equation
[13]: rate (wt %/h) = koexp(–Ea/RT), where k0 is a constant. As shown in Figure
8.4(b), this is achieved by plotting ln(H2 release rate) versus 1/T. The apparent
activation energy (Ea) for H2 release was determined to be 210.80 kJ/mol, which is
very close to the value that was determined by Kissinger’s method.

Figure 8.4 Isothermal hydrogen desorption curves (a) of Ca(BH4)2 at 300-360 °C
and (b) the Arrhenius plot.
In the literature, several solid-state reaction mechanism models have been
proposed, including the nucleation, the geometrical contraction, the diffusion, and

242

the reaction order models, based on the different geometries of the particles and the
different driving forces, which are listed in Table 8.1 [14-20].
Table 8.1 Kinetic models examined in the isothermal dehydrogenation curves of
Ca(BH4)2 at 360 °C.

To identify the solid-state reaction mechanism, the Jones method [21] was used
to select a proper model which involves all essential chemical steps. In the Jones
method, the theoretical value (t/t0.5)theo is plotted against the experimental data
(t/t0.5)exp of different rate equations to produce a linear plot, where t is the time and
t0.5 means half the time for the reaction to be completed. The value of the linear slope
of an acceptable model should be very close to 1. The relationship of (t/t0.5)exp versus
(t/t0.5)theo for the dehydrogenation of Ca(BH4)2 at 360 °C are listed above the graphs
in Figure 8.5. It can be seen that the (t/t0.5)exp value plotted against the (t/t0.5)theo value
of the R2 model exhibits a good linear relationship, with a slope close to 1. This
finding indicates that the hydrogen desorption reaction of Ca(BH4)2 correlates
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closely to the geometrical contraction-controlled kinetic mechanism represented by
the R2 model. This model assumes that nucleation occurs rapidly on the surface of
the crystal. The rate of degradation is controlled by the progress of the resulting
reaction interface toward the centre of the crystal. Dehydration of calcium oxalate
monohydrate has been shown to follow a geometrical contraction model [22-24].

Figure 8.5 (t/t0.5)theo vs. (t/t0.5)exp of Ca(BH4)2 dehydrogenated at 360 ˚C for various
solid-state reaction equations.

8. 4 Thermodynamics of dehydrogenation
The isothermal dehydriding properties of Ca(BH4)2 in hydrogen atmosphere at
629, 647, 662, and 686 K from investigations using pressure, composition, and
temperature (PCT) measurements are shown in Figure 8.6. The measurements at 629
K were started at a pressure of 30 bar, and the other measurements at higher
temperature were started at a higher pressure (60 bar) because the plateau pressures
were expected to be at much higher pressures than 30 bar. At 629 K, the desorbed
amount of hydrogen is -6.24 wt %. As the operating temperature was increased, the
desorbed amount of hydrogen was distinctly increased. The desorbed amount of
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hydrogen is -6.59, -6.95, and -7.71 wt % at 647, 662, and 686 K, respectively. The
amount of hydrogen desorption for Ca(BH4)2 observed from the PCT measurements
is larger than that indicated by the temperature-programmed desorption results; this
can be attributed to the different experimental conditions (temperature and hydrogen
pressure) or the low kinetics of the dehydriding reaction in the programmed
experimental time. One plateau is observed at 629 K at a hydrogen pressure of 11.5
bar, whereas two plateaus are observed for 647, 662, and 686 K within the hydrogen
pressure range of 15-60 bar, in agreement with the two-step dehydriding reaction
from Ca(BH4)2 to CaH2, as shown by the TPD curves (Figure 8.3(a)). Therefore, the
isothermal dehydriding reaction results also strongly indicate the formation of some
intermediate compound during the dehydriding process from Ca(BH4)2 to CaH2, as
indicated by the TPD results.

Figure 8.6 Pressure-composition-temperature (PCT) curves of Ca(BH4)2 measured at
629, 647, 662, and 686 K.
It is well-known that the thermodynamic parameters, the desorption enthalpy
change (ΔH), and the entropy change (ΔS), of a metal hydride can be calculated from
the temperature-dependent equilibrium pressure (Peq) in the van’t Hoff equation [25]:
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ln(Peq/Po) = ΔH/RT – ΔS/R

(8.5)

where Po is the standard pressure (1.01325 bar), T is the absolute temperature, and R
is the gas constant. The slope of the straight line is proportional to ΔH and the axis
intercept is proportional to ΔS.

Figure 8.7 Van’t Hoff plot for the dehydrogenation of Ca(BH4)2.
The van’t Hoff plot for the dehydriding reaction from Ca(BH4)2 to CaH2 is
shown in the inset to Figure 8.7. As discussed above, there are two plateaus in the
PCT curves at 647, 662, and 686 K, and it is difficult to exactly distinguish these two
regions. Therefore, the enthalpy and entropy are roughly estimated; the equilibrium
pressure Peq at each temperature is designated as the pressure value at the median of
dehydrogenation capacity. Based on the van’t Hoff plot, the changes in enthalpy and
entropy for the dehydriding reaction from Ca(BH4)2 to CaH2 are estimated to be ΔH
= 87 kJ/mol-H2 and ΔS = 158 J/ K·mol-H2, respectively. These values are higher than
the standard enthalpies and entropies of the reaction assumed from density functional
theory (DFT) calculations [7]. This is because the dehydrogenation reaction of
Ca(BH4)2 is a two-step reaction, and the assumed enthalpy and entropy values by
density functional theory (DFT) calculations are based on a one-step reaction. It
cannot be excluded that the equilibrium is not fully reached, although the fitted
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points are well-located on straight lines for the extrapolation to equilibrium and on
the van ’t Hoff plot. More details on the kinetics and thermodynamics, as well as the
structures of intermediate compounds are in progress.
8. 5 Chapter summary
The dehydrogenation kinetics and thermodynamics of Ca(BH4)2 were systematically
investigated. The dehydriding reaction of Ca(BH4)2 starts at approximately 320 °C,
and approximately 9.6 % of the hydrogen is desorbed up to 500 °C in a two-step
reaction. Kinetic investigations indicated that a relatively high kinetic barrier needs
to be surmounted for hydrogen desorption from Ca(BH4)2, with an activation energy
of approximately 225.37 and 280.51 kJ/mol for the first step and the second step,
respectively. A geometrical contraction-controlled kinetic mechanism was identified
for the first-step dehydrogenation by analyzing isothermal hydrogen desorption
curves by the linear plot method. Based on the results of the PCT measurements, the
enthalpy change and entropy change were estimated to be 87 kJ/mol-H2 and 158 J/
K·mol-H2, respectively, by using the van’t Hoff equation.

247

8. 6 References
[1] E. Rönnebro, E. H. Majzoub. J. Phys. Chem. B 111 (2007) 12045-12047.
[2] Y. Filinchuk, E. Rönnebro, D. Chandra. Acta Materialia. 57 (2009) 732–738.
[3] E. H. Majzoub, E. Rönnebro, J. Phys. Chem. C 113 (2009) 3352–3358.
[4] K. Miwa, M. Aoki, T. Noritake, N. Ohba, Y. Nakamori, S. Towata, A. Züttel, S.
Orimo. Phys. Rev. B 74 (2006) 155122.
[5] M. Aoki, K. Miwa, T. Noritake, N. Ohba, M. Matsumoto, H. W. Li, Y. Nakamori,
S. Towata, S. Orimo. Appl. Phys. A 92 (2008) 601–605.
[6] J. H. Kim, S. A. Jin, J. H. Shim, Y. W. Cho. J. Alloys Compd. 461 (2008) L20L22.
[7] Y. Kim, D. Reed, Y. S. Lee, J. Y. Lee, J. H. Shim, D. Book, Y. W. Cho. J. Phys.
Chem. C 113 (2009) 5865-5871.
[8] M. D. Riktor, M. H. Sørby, K. Ch opek, M. Fichtner, B. C. Hauback. J. Mater.
Chem. 19 (2009) 2754 – 2759.
[9] L. L. Wang, D. D. Graham, I. M. Robertson, D. D. Johnson. J. Phys. Chem. C
113 (2009) 20088–20096.
[10] S. J. Hwang, Robert C. Bowman, Joseph W. Reiter, J. Rijssenbeek, Grigorii L.
Soloveichik, J. C. Zhao, H. Kabbour, Channing C. Ahn. J. Phys. Chem. C 112 (2008)
3164-3169.
[11] V. Ozolins, E. H. Majzoub, C. Wolverton. J. Am. Chem. Soc. 131 (2009) 230237.
[12] H. E. Kissinger, Anal. Chem. 29 (1957) 1702–1706.
[13] J. W. Christian, The Theory of Transformations in Metals and Alloys, 2nd ed.;
Pergamon: New York, 1975.

248

[14] A. M. Ginstling, B. L. Brounshteın. J. Appl. Chem. USSR (Engl. Transl.) 23
(1950) 1327–1338.
[15] G. Valensi. Compt. Rend. 202 (1936) 309–312.
[16] R. E. Carter. J. Chem. Phys.34 (1961) 2010–2015.
[17] J. B. Holt, I. B. Culter, M. E. Wadsworth. J. Am. Ceram. Soc. 45 (1962) 133136.
[18] W. Z. Jander. Anorg. Allgem. Chem. 163 (1927) 1–30.
[19] M. Avrami. J. Chem. Phys. 7 (1939) 1103–1112.
[20] B. V. Erofe’ev. Compt. Rend. Acad. Sci. USSR, 52 (1946) 511–514.
[21] L. F. Jones, D. Dollimore, T. Nicklim. Therm. Acta. 13 (1975) 240–245.
[22] G. Chunxiu, S. Yufang, C. Donghua. J. Therm. Anal. Calorim. 76 (2004) 203.
[23] L. Liqing, C. Donghua. J. Therm. Anal. Calorim. 78 (2004) 283.
[24] Z. M. Gao, I. Amasaki, M. Nakada. Thermochim. Acta. 385 (2002) 95.
[25] G. Sandrock. J. Alloys Compd. 293-295 (1999) 877–888.

249

9 CHAPTER 9 EFFECTS OF NIOBIUM FLUORIDE ON THE
HYDROGEN SORPTION PERFORMANCE OF SODIUM ALANATE
WITH AND WITHOUT SINGLE-WALLED CARBON NANOTUBE
AS CO-DOPANT
9. 1 Introduction
In 1997, Bogdanović and Schwickardi reported their breakthrough results that
NaAlH4 could reversibly desorb and absorb hydrogen under moderate conditions
after doping with Ti based catalyst [1]. Since then, great interest has been aroused in
the study of NaAlH4 as a practical hydrogen storage medium due to its relatively
high hydrogen capacity. It is well known that NaAlH4 decomposes to release
hydrogen in three steps according to the following reactions [1]:
NaAlH4

↔

1/3Na3AlH6 + 2/3Al + 3/2H2

3.7 wt % H2

(9.1)

Na3AlH6

↔

3NaH + Al + 3/2H2

1.9 wt % H2

(9.2)

NaH

↔

1.9 wt % H2

(9.3)

Na + 1/2H2

In principle, the first step gives 3.7 wt % hydrogen and the second one 1.9 wt %
upon heating. The last reaction, Eq. (9.3), however, occurs at over 300 °C, releasing
another 1.9 wt % of hydrogen. This temperature is high, and hence, the desorption of
NaH is not considered as useful capacity for practical purposes. Thus, the amount of
hydrogen practically available is ~5.6 wt%, which still has the potential to fulfil the
new US DOE target (4.5 wt% for the system) [2].
It is well known that the catalysing agent can be uniformly distributed on the
hydride surface or grain boundaries when the metal hydride is ball milled with
catalyst, which is believed to facilitate the dissociation/recombination of hydrogen on
the hydride surface and therefore catalyse H-sorption in the hydride. By doping with
a few mol % of selected catalyst, NaAlH4 can reversibly release and take up
hydrogen, as described above for the first two-step reaction. During the past decade,
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various catalysts, such as carbon, transition metal-based, or even rare earth metalbased materials have been found to be active in significantly enhancing the reaction
kinetics of NaAlH4 [3-28]. However, the catalytic mechanisms for these catalytic
enhancements are still not clear. For example, various studies have been carried out
on Ti doped NaAlH4 for analysing the location and role of the Ti catalyst [8-20].
Although several Ti-containing species are proposed as the active species, including
Ti-Al alloy [13,14,16], Ti hydrides [15], and Ti cations in the NaAlH4 lattice [10],
none of them has been conclusively confirmed. In addition, further improvements in
the de-hydriding/hydriding thermodynamics and kinetics of NaAlH4 are highly
desirable.
Recently, NbF5 has been found to be a good catalyst for lowering the
dehydrogenation temperature and enhancing the sorption kinetics of magnesium
hydride [29,30] and borohydrides [31,32]. It was shown that Nb-based catalysts may
possess pronounced catalytic activity towards the activation of Mg-H and B-H bonds
and towards the dissociative chemisorption of hydrogen molecules. More recently,
Ismail et al. also showed that the desorption properties of LiAlH4 can be significantly
enhanced by the addition of NbF5, indicating the catalytic activity of NbF5 towards
weakening of the Al-H bond [33]. However, the poor reversibility of LiAlH4 makes
NbF5-doped LiAlH4 unsuitable as a hydrogen storage material for practical
application.
On the other end, it was demonstrated that the catalytic effects of transition
metals, such as Ti and Zr combined with porous materials such as carbon nanotubes
(CNTs) and porous SiO2 as mixed dopants, lead to significant acceleration of
hydrogen dissociation and diffusion, approaching the goal of rapid hydrogenation
kinetics at practically meaningful low temperatures [5,6,34-36]. For example, Wang
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et al. [6] found that all five carbons (single-walled CNTs (SWCNTs,) multiwalled
CNTs (MWCNTs), activated carbon (AC), fullerenes (C60), and graphite G)
exhibited significant, sustained, and synergistic co-catalytic effects on the
dehydrogenation and hydrogenation kinetics of Ti-doped NaAlH4 that persisted
through charge and discharge cycling, in which SWCNTs were the best co-catalyst.
This indicates that the synergistic interaction among metals and carbon nanotubes
may be an effective strategy to significantly lower the operating temperature and to
increase hydrogenation kinetics. Despite this progress, the dehydrogenation and
hydrogenation kinetics still falls short of the requirements for practical applications.
It is therefore desirable to further explore and develop the synergistic effects of
CNTs with other metallic catalysts in order to achieve faster hydrogenation kinetics.
In this work, we first investigated the ability of NbF5 additive to moderate the
conditions for dehydrogenation and hydrogenation of NaAlH4. After ball milling, the
hydrogen storage properties of NaAlH4 with additives were systemically investigated
with a series of hydrogen release and uptake experiments. As expected, the NbF5
catalyst exhibits pronounced effects that promote the reversible dehydrogenation
reaction of NaAlH4. The catalytic mechanisms of NbF5 have been elucidated in depth,
with examination of structural changes by powder X-ray diffraction (XRD) and
Fourier transform infrared spectroscopy (FTIR).
Furthermore, we investigated the effects of SWCNTs as a co-dopant on the
hydrogen desorption/absorption of NbF5-doped NaAlH4. By comparing the hydrogen
release/uptake kinetics with those of pristine NaAlH4, SWCNT-doped NaAlH4, and
NbF5-doped NaAlH4, which possesses state-of-art kinetics among the various forms
of doped NaAlH4, we will show how SWCNTs can improve the hydrogen
release/uptake kinetics of NbF5-doped NaAlH4 by a series of de/rehydrogenation
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measurements. Moreover, in order to acquire detailed information about the kinetics
of the reactions, the non-isothermal Kissinger method has been used to evaluate the
activation energy. At the end of the chapter, on the basis of these findings, the active
species and the catalysis were discussed.
9. 2 Preparation
A QM-3SP2 planetary ball mill was employed to prepare the pristine NaAlH4 ,
NaAlH4-5 wt% SWCNT, NaAlH4-3 mol% NbF5-5 wt% SWCNT, and NaAlH4 doped
with different mole ratio of NbF5 samples, under an argon atmosphere at 450 rpm.
Each time, about 1 g of sample was prepared with 2 h of ball milling, with a ball-topowder ratio of around 30:1.
9. 3 Improved hydrogen sorption performance of NbF5-catalysed NaAlH4

9.3.1 Optimization of catalyst and composition of NbF5-catalysed NaAlH4
Figure 9.1 presents the temperature-programmed desorption (TPD) curves for
the dehydrogenation of the as-received NaAlH4, the as-milled NaAlH4, and the asmilled NaAlH4 doped with various metal fluorides. As expected, the as-milled
NaAlH4 showed slightly better decomposition performance compared to the asreceived NaAlH4 due to the mechanical activation. However, the 2 h ball milling is
not enough to enhance the desorption kinetics to a higher level. A possible way to
enhance the dehydrogenation is catalyst doping. Here, several metal fluorides such as
YF3, NiF2, FeF3, and NbF5 were doped into the NaAlH4 in order to enhance the
dehydrogenation.
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Figure 9.1 Temperature programmed desorption (TPD) curves of as-received
NaAlH4, as-milled NaAlH4, and NaAlH4 doped with different catalysts. The heating
rate was 2 °C/min.
From the curves, it can be seen that the addition of YF3 had a negative
influence on the dehydrogenation, whereas the dehydrogenation of NaAlH4 can be
significantly improved by adding NiF2, FeF3, or NbF5, among which the NbF5-doped
NaAlH4 sample had the best performance in terms of the dehydrogenation
temperature and the rate of desorption. For example, the as-milled NaAlH4 started to
release hydrogen at around 180 °C. On further heating, the first two steps of the
dehydrogenation reaction could be completed at 283 °C. In contrast, the NbF5-doped
NaAlH4 sample could finish the first two steps of desorption at 224 °C, which is
much lower than for the neat NaAlH4, and also lower than for the NaAlH4-NiF2 (244
°C) and NaAlH4-FeF3 (258 °C). Meanwhile, hydrogen desorption capacity of 2.2 and
4.2 wt % was reached on heating the NaAlH4-NbF5 sample to 165 and 205 °C,
respectively. In contrast, the hydrogen desorption capacity for the NaAlH4-NiF2,
NaAlH4-FeF3, and NaAlH4 was 0.8, 0.7, and 0 wt %, respectively, when heating to
165 °C, and 2.7, 2.3, and 1.4 wt %, respectively, when heating to 205 °C.
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Figure 9.2 TPD curves of NaAlH4 and NaAlH4-xNbF5 samples.
In order to optimize the doping level of NbF5 additive, the influence of the
addition of NbF5 in different amounts on the hydrogen desorption behaviour of
NaAlH4 was further examined by means of TPD and isothermal hydrogen desorption.
Figure 9.2 shows the TPD curves of the post-milled NaAlH4-xNbF5 samples (x =
0.01, 0.02, 0.03, 0.04, 0.05). Apparently, all addition of NbF5 lowers the hydrogen
desorption temperature of NaAlH4. The samples with x = 0.01 and 0.02 show the
same completion temperature of 238 °C for the first two steps of hydrogen
desorption. In comparison with the pristine sample, a reduction of around 45 °C for
the completion temperature of the first two steps of dehydrogenation was attained.
Further addition of NbF5, from x = 0.03 to 0.05, decreases the completion
temperature for the first two steps of dehydrogenation to 224 °C. However, the
introduction of NbF5 into the NaAlH4 decreases the amount of hydrogen desorption,
as shown in Fig. 9.2. It can be seen that the decrease in the amount of hydrogen
desorption is dependent on the concentration of NbF5. This is consistent with our
initial speculation and suggests that NbF5 solely act as a “catalyst” and make no
contribution to the H-capacity of the NaAlH4-NbF5 composites.
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Figure 9.3 Comparison of the isothermal dehydrogenation curves of NaAlH4-xNbF5
samples at 165 °C.
Figure 9.3 compares the dehydrogenation kinetics curves of the NaAlH4xNbF5 samples (x = 0.01, 0.02, 0.03, 0.04, 0.05) at 165 °C. It can be seen that the
NaAlH4-0.01NbF5 sample releases about 3.32 wt% hydrogen in 200 min, in which
most of the hydrogen is released before 56 min. After adding the amount of catalyst,
the amount of hydrogen released for the NaAlH4-0.02NbF5 sample is a little higher
and reaches 3.37 wt% in 200 min, but most of hydrogen is released before 39 min,
which is much shorter than in the case of the NaAlH4-0.01NbF5 sample. However,
the dehydrogenation for the NaAlH4 doped by 1 and 2 mole% NbF5 is mainly
evolved by the first step. In contrast, the NaAlH4 doped by 3, 4, and 5 mole% NbF5
displays a two-step decomposition feature, corresponding to the first reaction stage,
Eq. (9.1), and the second reaction stage, Eq. (9.2), of NaAlH4, respectively,
indicating that the dehydrogenation kinetics can be further improved by further
increasing the doped level. As shown in Fig. 9.3, the dehydrogenation kinetics of
NaAlH4 doped by 3, 4, and 5 mole% NbF5 were enhanced similarly, completing the
first-step and second-step dehydrogenation before 16 and 170 min, respectively.
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However, the amount of hydrogen released from the NaAlH4-0.04NbF5 sample was
4.5 wt% in 170 min, which is higher than for the NaAlH4-0.04NbF5 (4.38 wt%) and
NaAlH4-0.05NbF5 (4.21 wt%) samples. The results agree well with the TPD results
(Fig. 9.2) that the higher doping levels (4 mol% and higher) may result in good
kinetics, however, the gravimetric hydrogen storage capacity has been found to
decrease. Arriving at a compromise between the dehydrogenation capacity and the
performance, the NaAlH4-0.03NbF5 composite was selected for further investigation.
9.3.2 Hydrogen sorption performance of NaAlH4-0.03NbF5 composite
The enhancement in the dehydrogenation kinetics induced by the addition of
NbF5 was further characterized by examination of the isothermal hydrogen
desorption, as shown in Figure 9.4. It can be seen that the isothermal
dehydrogenation kinetics of NaAlH4 is dramatically enhanced by adding 3 mol %
NbF5.

Figure 9.4 Isothermal dehydrogenation curves of NaAlH4 and NaAlH4-0.03NbF5
samples. The bottom curve is for the pure NaAlH4.
For the pure NaAlH4, no appreciable hydrogen desorption can be detected
within 160 min at 175 °C. However, a two-step decomposition feature was clearly
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observed for the NaAlH4–0.03NbF5 sample at 175 and 165 °C, corresponding to the
first reaction stage, Eq. (9.1), and the second reaction stage, Eq. (9.2), of NaAlH4,
respectively. The NaAlH4–0.03 NbF5 sample releases about 4.5 wt% hydrogen,
almost all of the hydrogen in the post-milled sample, in 60 and 160 min at 175 and
165 °C, respectively. Even at a temperature as low as 150 °C, it also liberates ~2.2
wt% of hydrogen in 50 min.

Figure 9.5 Comparison of the hydrogenation curves for the first to third
dehydrogenation cycles of NaAlH4-0.03NbF5 with the first dehydrogenation cycle of
the NaAlH4. The hydrogenations were performed in ∼55 bar H2, 150 °C.
The catalytic effects of NbF5 on the reversibility and cyclic properties were
further investigated. The rehydrogenation of the sample was conducted under ∼5.5
MPa of H2 at 150 °C after the completion of the first two steps of dehydrogenation at
300 °C. Figure 9.5 shows the first three hydrogenation cycles of the NbF5-doped
NaAlH4 sample and the first rehydrogenation cycle of the pristine NaAlH4 sample. It
can be seen that the hydrogenation performance of NaAlH4 was also significantly
improved by introducing 3 mol% NbF5. No hydrogen was charged into the pristine
sample under these conditions. However, the NbF5-doped sample can be
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rehydrogenated to ~1.7 wt % in the first cycle. Meanwhile, the hydrogenation
kinetics and capacity persist very well after three cycles. The results indicate that the
kinetic barrier for the recombination of the Al-H bond is also lowered in the presence
of Nb-containing species. However, the rehydrogenation capacity is still low,
indicating that the recombination of NaAlH4 is still not complete.

Figure 9.6 TPD curve of the NaAlH4-0.03NbF5 sample for the 3rd rehydrogenation.
The inset shows the XRD pattern of this NaAlH4-0.03NbF5 sample at the 3rd
rehydrogenation.
Fig. 9.6 presents the TPD curve for the third hydrogenation cycle of the
NbF5-doped sample. The curve shows one hydrogen release step, starting at 180 °C
and completed at 230 °C, with hydrogen capacity of ~1.7 wt %. This value is similar
to those found in the second dehydrogenation process for the as-milled NbF5-doped
samples (Fig. 9.1), indicating that the hydrogen released from the rehydrogenated
sample is from the contributions of the reformed Na3AlH6. X-ray diffraction analysis
was carried out on the third rehydrogenation cycle of the NbF5 doped sample to
determine the rehydrogenation products, as shown in the inset of Fig. 9.6. Clearly,
Na3AlH6 and Al phases were observed, indicating the recombination of Na3AlH6.
Meanwhile, the absence of NaH in the rehydrogenated sample indicates that the
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reverse reaction of Eq. (2) was completed. However, the absence of NaAlH4 in the
rehydrogenated NbF5-doped sample is possibly due to the quite high equilibrium
hydrogen pressure required for the transformation from Na3AlH6 to NaAlH4 in the
hydrogenation process by Eq. (9.1), according to the activation energy, Ea [37].
9.3.3 Structural analysis and mechanism study
The dehydrogenation of the NaAlH4 was significantly enhanced by the
presence of NbF5. To understand the role played by NbF5, the structural changes in
the NaAlH4 and NaAlH4-0.03NbF5 samples at different dehydrogenation stages were
investigated by means of XRD measurements, as shown in Figure 9.7. No additional
peaks were observed in the as-milled NaAlH4 sample, apart from the diffraction
peaks from NaAlH4. However, after doping with NbF5, the intensity of the
diffraction peaks of NaAlH4 is weakened, indicating that the crystallite sizes in
NaAlH4 may stay small when NbF5 is added. In addition, new peaks corresponding
to Al and Na3AlH6 were generated, indicating partial decomposition of NaAlH4
during ball milling. After heating to 175 °C, the NaAlH4 phase disappeared, and the
corresponding peaks of Al and Na3AlH6 were significantly enhanced. The results
indicate that the dehydrogenation below 175 °C is from the decomposition of
NaAlH4 according to Eq. (9.1), which agrees well with the TPD results (Fig. 9.1). On
further heating to 250 °C, the Na3AlH6 phase has disappeared, and the
dehydrogenation product contains NaH and Al, indicating that the first two steps in
the dehydrogenation of NaAlH4 have been completed.
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Figure 9.7 XRD patterns of (a) 2 h milled NaAlH4 sample, (b) 2 h milled NaAlH40.03NbF5 sample, and the as-milled NaAlH4-0.03NbF5 sample after heating to (c)
175 °C and (d) 250 °C, respectively.
Since NaAlH4 is quite stable when ball milled by itself, the generation of new
phases of Al and Na3AlH6 from the samples with catalyst is likely to have come from
the partial decomposition of NaAlH4, which is possibly due to the catalytic effect of
NbF5 or the chemical reaction between NaAlH4 and NbF5. However, no Nb- or Fcontaining species could be detected in the as-prepared sample with catalyst or in
different dehydrogenation states (Fig. 9.7). This phenomenon is similar to Ismail et
al.’s report on NbF5 doped LiAlH4 [33]. In their report, after ball milling for 4 h,
LiAlH4 doped with 5 mol% NbF5 also showed no XRD peak for Nb- or F-containing
species. In order to eliminate the possibility that the amount of NbF5 was too low to
generate any detectable diffraction intensity from the existing states of Nb and F in
the NbF5 doped NaAlH4 sample, a large quantity of NbF5, about 0.2 mole NbF5 per
mole of NaAlH4, was added to NaAlH4. Then, the XRD patterns of the as-milled
sample were analysed, as shown in Figure 9.8. It is apparent that no diffraction peaks
corresponding to NbF5 or NaAlH4 can be identified in the XRD profile, indicating
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the complete consumption of the starting materials. In contrast, all the peaks can be
identified to be Al3Nb, NaF, Al, or NbHx (x ≤ 1).

Here, the relatively weak

diffraction peaks, as well as the close peak positions of the non-stoichiometric
hydride phases with slight composition differences, make it difficult to definitely
identify the precise composition of the non-stoichiometric Nb hydride.

Figure 9.8 XRD patterns of the 2 h milled NaAlH4-0.2NbF5 sample. The inset shows
an enlargement of the indicated region.
As a result, it can be deduced that during ball milling, the NbF5 additive
possibly reacts with NaAlH6 to yield NaF, Al3Nb, and NbHx. This reaction describes
the reduction of the fluoride by the alanate, which has been well studied for both
sodium and lithium alanate when these compounds are ball milled with chlorides. It
achieves a much higher dispersion of Nb-Al and Nb-H species on the hydride surface
or grain boundaries, which may play a role as active catalytic species. However, in
the case of NaAlH4-0.03NbF5, due to the relatively low content of NbF5, as well as
the limited resolution of the diffractometer, in addition to Al3Nb and NbHx, the other
catalytically active Nb-containing species, such as NbxAly alloy, Nb-Al clusters, NbAl solid solution, etc., may only be present as traces.
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9. 4 Improved hydrogen sorption performance of NbF5-doped NaAlH4 cocatalyzed with SWCNTs

9.4.1 Hydrogen desorption
Figure 9.9 reveals the effects of NbF5 and SWCNTs, when used separately as
single catalysts or together as co-catalysts, on the dehydrogenation of NaAlH4 by
means of TPD curves. It was observed that the addition of either NbF5 or SWCNTs
can catalytically enhance the dehydrogenation of NaAlH4, while the dehydrogenation
can be further improved with simultaneous addition of NbF5 and SWCNTs. It was
also observed that the pristine NaAlH4 starts to release a small amount of hydrogen
at around 183 °C, which is probably due to the melting of NaAlH4. Most of the
hydrogen was released starting from 210 °C, and release was completed at 283 °C.
The total amount of hydrogen evolved is about 5.5 wt%, which is very close to the
theoretical value from Eqs. (9.1) and (9.2), but these two steps of dehydrogenation
were not distinct. In contrast, a significant catalytic effect was observed in the curves
for the NbF5-doped, SWCNT-doped, and NbF5 and SWCNT co-doped samples,
which exhibited two distinct dehydrogenation steps at much lower dehydrogenation
temperatures. For the NbF5-doped NaAlH4 sample, the first-step dehydrogenation
could be finished at around 178 °C. Further heating led to a second decomposition,
which was completed at 225 °C. For the SWCNT-doped NaAlH4 sample, the first
and second dehydrogenation steps could be finished at 181 and 223 °C, respectively.
Clearly, the dehydrogenation temperature of the NaAlH4 is reduced by addition of
either NbF5 or SWCNTs, suggesting that a catalytic effect occurred. However, it
appears that NbF5 has an advantage in catalysing the first-step dehydrogenation,
while the SWCNTs display better catalytic activity towards the second-step
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dehydrogenation. Furthermore, the NbF5 and SWCNT co-doped NaAlH4 sample can
complete its first and second-step dehydrogenation at 159 and 201 °C, respectively,
which are lower than for the NbF5 or SWCNT-doped NaAlH4 samples. These results
clearly show the synergistic effects associated with the use of NbF5 as a co-catalyst
with SWCNTs.

Figure 9.9 Temperature programmed desorption (TPD) curves of as-milled NaAlH4,
and NaAlH4 doped with different catalysts. The heating rate was 2 °C/min.
A comparative evaluation of the isothermal dehydrogenation kinetics of NaAlH4
with single catalysts (NbF5, SWCNTs) and co-catalysts (NbF5 and SWCNTs together)
at 155 °C was performed, as shown in Figure 9.10. For the pristine NaAlH4, no
appreciable hydrogen desorption is detected within 120 min at 155 °C (Fig. 9.4).
However, the NbF5-doped sample releases ~2.5 wt% hydrogen within 50 min. The
hydrogen evolved from the SWCNT-doped NaAlH4 sample is 2.4 wt% in 50 min,
which is a little lower than for the NbF5-doped sample. The results indicate that the
hydrogen released from the SWCNT- and NbF5-doped samples at 155 °C is
attributable to the first-step dehydrogenation of NaAlH4 according to Eq. 9.1.
However, the dehydrogenation curves for the co-doped sample show a two-step
decomposition feature, corresponding to the first reaction stage, Eq. (9.1), and the
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second reaction stage, Eq. (9.2), of NaAlH4, respectively. The co-doped sample
releases about 2.5 wt% hydrogen in 6 min and another 1.45 wt% in the following 120
min, almost all of the hydrogen in the post-milled sample. This phenomenon further
indicates that a synergistic catalysis from the combination of NbF5 and SWCNTs
exists for NaAlH4.

Figure 9.10 Isothermal dehydrogenation curves at 155 °C for NaAlH4-3 mol% NbF5,
NaAlH4-5 wt% SWCNT, and NaAlH4-3 mol% NbF5-5 wt% SWCNT samples.

9.4.2 Hydrogen absorption
Figure 9.11 presents a systematic comparison of the absorption behaviour
between the NaAlH4 samples with NbF5 or SWCNTs as the sole additive and with
NbF5 and SWCNTs as co-additives. It was observed that the simultaneous addition
of NbF5 and SWCNTs further improves the absorption rate of NaAlH4. At 150 °C
and 55 bar in Figure 9.11(a), the saturated hydrogenation process for the co-doped
sample can be limited to within 20 min, which is lower than for the SWCNT doped
sample (48 min) and much lower than for the NbF5 doped sample (96 min). On
increasing the hydrogenation temperature and pressure up to 160 °C and 6.5 MPa
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(see Figure 9.11(b)), the rehydrogenation capacity remains unchanged for the three
samples, but the absorption rate is increased, leading to saturated rehydrogenation
times of 7, 14, and 49 min, respectively, for the co-doped, SWCNT doped, and NbF5
doped samples. These results clearly show that the co-doped NaAlH4 has better
rehydrogenation kinetics than the samples doped with a single catalyst.

Figure 9.11 Comparison of the hydrogenation curves for the first dehydrogenation
cycle of NaAlH4-3 mol% NbF5, NaAlH4-5 wt% SWCNT, and NaAlH4-3 mol%
NbF5-5 wt% SWCNT samples at (a) 150 °C and 5.5 MPa H2 pressure, and (b) 160
°C and 6.5 MPa H2 pressure.
It is worth noting that the rehydrogenation capacity for the SWCNT-doped,
NbF5-doped, and SWCNT-NbF5 co-doped samples is 1.78, 1.73, and 1.66 wt%,
respectively. These values are similar to those found in the second-step
dehydrogenation processes in these three samples, suggesting that the hydrogen
released from the rehydrogenated sample is from the separate contributions of the
reformed Na3 AlH6. To confirm this, these rehydrogenation products for the three
samples were examined by means of TPD, and the TPD curves are compared in
Figure 9.12. Figure 9.12 presents the TPD curves for the first hydrogenation cycle of
the three samples. All the curves show one hydrogen release step, starting at over
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150 °C and completed before 240 °C, with hydrogen capacity of between 1.5-1.7
wt%. All in all, these results indicate the recombination of Na3AlH6 in all three
samples. The absence of NaAlH4 in the rehydrogenated state is possibly due to the
quite high equilibrium hydrogen pressure required for the transformation from
Na3AlH6 to NaAlH4 in the hydrogenation process by Eq. (9.1) [38]. Meanwhile, the
dehydrogenation temperature for the rehydrogenated SWCNT doped sample is
similar to that of the rehydrogenated NbF5 doped sample. However, the co-doped
sample has the lowest dehydrogenation temperature compared to the SWCNT- and
NbF5-doped samples, further confirming the synergistic effect of NbF5 and SWCNTs.

Figure 9.12 TPD curves of the NaAlH4-3 mol% NbF5, NaAlH4-5 wt% SWCNT, and
NaAlH4-3 mol% NbF5-5 wt% SWCNT samples for the first rehydrogenation.

9.4.3 Thermal decomposition behaviour and kinetic barriers
The thermal decomposition behaviour of NaAlH4 samples doped with different
catalysts in comparison with the pristine NaAlH4 sample was further investigated by
means of differential scanning calorimetry (DSC) measurements, as presented in
Figure 9.13. The plot for the pristine NaAlH4 shows four distinct endothermic
processes. The first endothermic process at about 185 °C is mainly due to the melting
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of NaAlH4, along with slight decomposition of the NaAlH4. The second process
occurs over a wide temperature range (195-252 °C), corresponding to the
decomposition of molten NaAlH4 to Na3AlH6. The third process occurs at about 264
°C, which can be assigned to a phase transition of α-Na3AlH6 to β-Na3AlH6. The
fourth process starts from 171 °C, with a peak at 286 °C, corresponding to the
dehydrogenation of the intermediate Na3AlH6 into NaH and Al, i.e., Eq. (9.2).
However, the endothermic nature of the melting of NaAlH4 (∼185 °C) is hardly
detectable for the doped NaAlH4 at the same heating rate, indicating that doped
NaAlH4 releases the majority of the first equivalent of H2 to form Na3AlH6 below its
melting point. This corresponds to the observation that the first peak temperature for
the doped samples is lower than 180 °C, which also agrees well with the TPD result
that the first-step dehydrogenation for the doped samples can be completed before
185 °C (Fig. 9.9).

Figure 9.13 Differential scanning calorimetry (DSC) curves of the NaAlH4, NaAlH43 mol% NbF5, NaAlH4-5 wt% SWCNT, and NaAlH4-3 mol% NbF5-5 wt% SWCNT
samples.
As shown in Figure 9.13, only two endothermic peaks can be seen in the
dehydrogenation of the doped NaAlH4 samples. In the case of the NbF5-doped
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sample, the first peak at about 178 °C is attributed to the dehydrogenation of NaAlH4 ,
and the second peak at 215 °C corresponds to the dehydrogenation of Na3AlH6. For
the SWCNT-doped sample, the first and second peaks were observed at 179 and 219
°C, corresponding to the decomposition of NaAlH4 and Na3AlH6, respectively. As a
whole, the DSC curves for the co-doped NaAlH4 sample were similar to those of the
NbF5 or SWCNT doped samples, displaying only two endothermic peaks,
corresponding to Eqs. (9.1) and (9.2), respectively, but both endothermic peaks had
moved to lower temperatures. The first peak at about 169 °C is attributed to the
dehydrogenation of NaAlH4, and the second peak at 209 °C corresponds to the
dehydrogenation of Na3AlH6, which is lower than for either the NbF5 or the SWCNT
doped samples. These results further confirmed the synergistic effect of NbF5 and
SWCNTs towards the decomposition of NaAlH4.

Figure 9.14 TPD curves of the NaAlH4 samples doped with different catalysts at
various heating rate.
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To further study the effects of the co-catalyst on the kinetic barrier, the apparent
activation energy (Ea) related to the first and the second-step dehydrogenation of
NaAlH4 was estimated from the DSC data using the non-isothermal Kissinger
method according to the following equation.
ln (β/Tm2) = -Ea/RT

(9.4)

where Ea is the activation energy, β is the heating rate in °C/min, Tm is the
absolute temperature for the maximum desorption rate, and R is the gas constant. In
this work, Tm was obtained using TPD measurement with the selected heating rates
of 0.5, 1, 2 and 5 °C/min. The detailed TPD curves are shown in Figure 9.14.
Plotting ln(β/Tm2) versus 1/Tm yields a straight line with the slope of -Ea/R. Fig.
9.15 shows the Kissinger plots for the first-step and second-step dehydrogenation of
the co-doped NaAlH4 sample, together with NbF5- and SWCNT-doped samples for
comparison. The intrinsic linearity of all of the curves indicates that the
dehydrogenation kinetics of doped NaAlH4 is well represented by the non-isothermal
Kissinger equation and that they follow a first order decomposition reaction.

Figure 9.15 Kissinger plots for the first and second dehydrogenation steps for the
NaAlH4-3 mol% NbF5, NaAlH4-5 wt% SWCNT, and NaAlH4-3 mol% NbF5-5 wt%
SWCNT samples.
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The derived values of the activation energies, Ea1 for the first step [i.e., Eq. (9.1)]
and Ea2 for the second step [i.e., Eq. (9.2)], are listed in Table 9.1, respectively. For
comparison, Ea1 and Ea2 of pristine NaAlH4 are also included in Table 9.1 [8].
Comparison of the activation energies for dehydrogenation reveals several
phenomena as follows: (1) All of the present additives significantly enhance the
dehydrogenation kinetics of NaAlH4 and Na3AlH6 (reducing Ea1 and Ea2). (2)
SWCNTs enhance the kinetics of NaAlH4, reducing Ea1 from 118.1 to 95.8 kJ/mol,
and Ea2 from 120.7 to 105.8 kJ/mol, showing that the addition of SWCNTs reduces
energy barriers for both Eq. (9.1) and Eq. (9.2). (3) Compared to the SWCNT doped
sample, the NbF5 doped sample has a lower Ea1 (91.7 kJ/mol) and Ea2 (103.1 kJ/mol),
indicating that NbF5 is more effective for the decomposition of NaAlH4. (3) The
combination of SWCNTs and NbF5 was more efficient than SWCNTs or NbF5 alone,
lowering the Ea1 and Ea2 to 85.9 and 96.2 kJ/mol, respectively. This phenomenon
indicates that a synergistic catalytic effect between the NbF5 and SWCNTs exists for
NaAlH4.
Table 9.1 Apparent activation energies (Ea) for the first-step and second-step
dehydrogenation of NaAlH4, respectively.
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9.4.4 Structure and mechanism studies
An intriguing aspect of the co-doped NaAlH4 sample after cycling through
synthesis, dehydrogenation, and rehydrogenation is illustrated by the XRD patterns
shown in Figure 9.16. After ball milling, only peaks due to the NaAlH4 and a small
amount of Al are observed. The crystalline Al is most likely formed by
decomposition of a minor part of the NaAlH4 during the ball milling, due to the
effects of the NbF5 and SWCNTs. Upon desorption of the hydrogen from the asmilled sample, the NaAlH4 phase has disappeared, and more crystalline Al and NaH
are observed, indicating the complete decomposition of NaAlH4 according to Eq.
(9.1) and Eq. (9.2).

Figure 9.16 XRD patterns of the NaAlH4-3 mol% NbF5-5 wt% SWCNT samples
after ball milling (a), of the milled sample after dehydrogenation (b), and of the
dehydrogenated sample after rehydrogenation (c).
After rehydrogenation, the peak due to the crystalline Al decreases in height,
and the new phase Na3AlH6 is formed. Nevertheless, no crystalline NaAlH4 is
formed, which is possibly due to the quite high equilibrium hydrogen pressure
required for the transformation from Na3 AlH6 to NaAlH4 in the hydrogenation
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process by Eq. (9.1). According to our previously paper, NbF5 additive possibly
reacts with NaAlH6 to yield NaF, Al3Nb, and NbHx. However, no C-, Nb-, or Fcontaining species could be detected in the co-doped sample in the different stages,
which may be attributed to the low concentration (NbF5) or amorphous state (C) in
the sample.

Figure 9.17 XRD patterns of the (a) NaAlH4-30 wt% NbF5-15 wt% SWCNT and (b)
NaAlH4-60 wt% NbF5-30 wt% SWCNT samples after ball milling. The inset shows
an enlargement of the indicated region.
In order to detect the existing state of C, Nb and F in the NbF5 and SWCNT
codoped NaAlH4 sample, two samples of NaAlH4-30 wt% NbF5-15 wt% SWCNT
and NaAlH4-60 wt% NbF5-30 wt% SWCNT were further prepared by increasing the
amount of NbF5 and SWCNT. Then, the XRD patterns of the as-milled samples were
analysed, as shown in Figure 9.17. Clearly, only NaAlH4 and Al phases were
observed in the case of NaAlH4-30 wt% NbF5-15 wt% SWCNT. However, for the
NaAlH4-60 wt% NbF5-30 wt% SWCNT sample, the NaAlH4 phase disappeared.
Meanwhile, in addition to Al, the new phases of Al3Nb, NbHx, and NaF were
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identified although their diffraction peaks are weak and distorted (Fig. 9.17). Since
NaAlH4 was stable when it was ball milled alone (Fig. 9.7), therefore the
consumption of NaAlH4 and the formation of Al3 Nb, NbHx, and NaF in the case of
NaAlH4-60 wt% NbF5-30 wt% SWCNT were very likely due to a chemical reaction
between NaAlH4 and NbF5. The result agrees well with the results that Al3Nb, NbHx,
and NaF were also detected in the NbF5 doped NaAlH4 sample after ball milling (Fig.
9.8). Therefore, it can be deduced that similar to the case of NbF5 doped NaAlH4, the
NbF5 still prefer to react with NaAlH4 during ball milling to generate the active Nb
and F containing species in the case of NbF5 and SWCNT codped sample.

Figure 9.18 FTIR spectra of NaAlH4 NaAlH4-3 mol% NbF5, NaAlH4-5 wt%
SWCNT, and NaAlH4-3 mol% NbF5-5 wt% SWCNT samples after ball milling.
The FTIR spectra for the pure, NbF5 doped, SWCNT doped, and co-doped
NaAlH4 are compared in Figure 9.18, in which two intense bands appear at 1694 cm1

and 866 cm-1, which are attributed to the ν3 [AlH4]- stretching and ν4 [AlH4]-

bending modes, respectively. In comparison with the pristine sample, the host bands
for the doped samples remain unchanged in position, but are reduced in intensity.
The observed reduction in the stretching and bending bands is indicative of the
weakening of Al-H bonds in the NaAlH4 lattice, which will cause hydrogen to desorb
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at lower temperatures, as well as facilitating the absorption of H2 to reverse the
dehydrogenation reaction. Moreover, the co-doped sample displays the weakest
intensity, indicating that a synergetic effect between NbF5 and SWCNTs may be
present.
9. 5 Discussion
On the basis of the above results, it is evident that the dehydrogenation and
rehydrogenation kinetics of NaAlH4 were significantly enhanced by introducing
NbF5. According to the XRD results (Fig. 9.8), it is concluded that a much higher
dispersion of Nb-Al and Nb-H active species may form on the hydride surface or
grain boundaries during ball milling or after heating process, which may facilitate the
dissociation/recombination of molecular hydrogen and mass transport, resulting in a
dramatic catalytic enhancement of hydrogen release and uptake for NaAlH4. On the
other hand, the function of the fluorine anion has also been theoretically and
experimentally demonstrated to be active when it is doped into NaAlH4 [38-41]. For
example, it is reported that the in-situ formed NaF can work as nucleation centers for
the formation of NaH due to their identical crystallographic structure and comparable
lattice parameters, which promotes nucleation and growth of NaH upon
dehydrogenation, and therefore accelerates the decomposition of NaAlH4 [38]. It was
also reported that the Al–H bonds in [AlH4] and [AlH6] groups are weakened by the
substitution of F- anion for H-, resulting in the decrease of the stability of the Al–H
group [39-41]. Actually, the weakening of Al-H bonds in the NaAlH4 lattice was
confirmed by FTIR in the case of NaAlH4-0.03NbF5, compared with pristine NaAlH4
sample (Fig. 9.18). In this regards, both a Nb-containing catalyst, such as NbHx, or
Nb-Al compounds, and an F-containing catalyst such as NaF, or the substitution of F-
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anion for H- may work together to improve the dehydrogenation and rehydrogenation
kinetics of NaAlH4.
In particular, it was found that co-doping with NbF5 and SWCNTs exhibits
superior de/rehydrogenation properties to that doping with single NbF5 or SWCNTs,
indicating a favorable synergistic effect. It is already well known that combined
utilization of catalytically active metal nanoparticles and nanostructured carbon
materials is effective for improving the dehydriding/rehydriding properties of metal
hydrides, and this strategy has been intensely developed over the past several
decades [5,6,34-36,42,43], where the carbon nanotubes are expected to form a netlike structure after being milled together with host metal hydrides, thus creating a
microconfined environment for the decomposition/restoration of hydrides, while the
metal nanoparticles have high catalytic activity. In our case, we also believe that both
NbF5 and SWCNTs play important roles in the dehydrogenation/hydrogenation
process of the co-doped NaAlH4. Similar to the NbF5 doped NaAlH4, the active
species of NbHx, Al3Nb, and NaF were also found in the codoped sample (Fig. 9.17).
The results indicate that NbF5 prefers to react with NaAlH4 during ball milling to
generate the active Nb and F containing species in the NbF5 and SWCNT codped
sample. The role of SWCNTs in the codoped sample could be more “physical” than
“chemical” compared with the catalytic role of NbF5 that it modifies the grain
surface of the de-hydrogenated phases probably due to the inhibition of grain
aggregation.

As a consequence, a favourable synergistic effect on the

dehydrogenation and rehydrogenation of NaAlH4 is achieved in the co-doped
NaAlH4 sample through the formation of Nb- and F- containing species, and the
presence of SWCNTs. All these complex factors resulted in together the
improvement of the hydrogen storage performances of NaAlH4.
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9. 6 Chapter summary
It has been demonstrated that the hydrogen desorption/absorption properties of
NaAlH4 can be significantly improved by introducing NbF5. Kinetic investigations
revealed that the apparent activation energy for the first and the second
dehydrogenation steps was decreased from ∼118 kJ/mol and ∼120 kJ/mol for the
pristine sample to 91.7 kJ/mol and 103.1 kJ/mol for NbF5-doped NaAlH4,
respectively. Furthermore, the rehydrogenation of NaAlH4 was also enhanced by
0.03 mol % NbF5 doping, absorbing 1.7 wt % hydrogen at 150 °C over 2 h under
~5.5 MPa hydrogen pressure, and the recombination of Na3AlH6 in the
rehydrogenation sample was confirmed. It has also been demonstrated that during the
mechanical milling of NaAlH4 and NbF5, a fine dispersion of Al3Nb and NbHx forms,
and they probably work together with the F- anions as the active species in the
following dehydriding and hydriding processes, resulting in the enhancement of the
dehydrogenation and rehydrogenation kinetics of NaAlH4.
Furthermore, the effects of SWCNTs as a co-catalyst with NbF5 on the
dehydrogenation and hydrogenation kinetics of NaAlH4 has been presented. Either
the SWCNTs or the NbF5 alone can improve the hydrogen de/absorption properties
of NaAlH4. Moreover, a synergistic effect on the dehydrogenation of NaAlH4 occurs
when SWCNTs are added as a co-dopant with NbF5. For example, the synergistic
effect results in the apparent activation energy for the first-step and the second-step
dehydrogenation of NaAlH4 being reduced to 85.9 kJ/mol and 96.2 kJ/mol,
respectively. These positive effects can be ascribed to the in situ formation of Nband F-containing species, as well as the presence of nanosized pores and the high
specific surface area of the SWCNTs.
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10 CHANPTER 10 SUMMARY
10. 1 General Conclusions
The aim of this thesis is to promote the kinetics and tailor the
thermodynamics of the light metal hydrides such as magnesium hydride,
borohydrides, and alanates by employing material design strategies such as catalytic
doping and additive destabilization to design and experimentally validate novel
single or multicomponent hydride systems that not only possess high storage
capacities but are also able to undergo hydrogen uptake/release cycling under
moderate

conditions.

The

structures,

reaction

mechanism,

kinetics,

and

thermodynamics were studied in details. In particular, the effect of catalysts were
investigated and related to the hydrogen sorption characteristics.
In Chapter 4, the hydrogen de/absorption properties of NaBH4 (NaH+B)
with different Ti-based additives, including Ti, TiH2, and TiF3, were firstly
investigated. Hydrogen de/absorption results revealed that that among the different
titanium based additives, TiF3 possessed the highest catalytic activity towards the
hydrogen desorption and absorption reactions of NaBH4. XRD and XPS results
revealed that the TiF3 reacts with NaBH4 to form TiB2 and NaF in the heating
process. It was also revealed that the F anion can substitute for anionic H in NaH to
form NaF1-xHx during the hydrogenation process, which may play a role during
hydrogenation. It is believed that the observed promotion effect of TiF3 on the
reversible dehydrogenation of NaBH4 should be understood as arising from the
combined effects of active Ti and F- containing species. FTIR spectroscopy also
confirmed the presence of amorphous Na2B12H12 intermediates, in both the
dehydrogenated and the rehydrogenated states, which may play a crucial role in the
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partial dehydrogenation and reversibility observed in the NaBH4 with and without
catalyst doping.
It has also been demonstrated that the hydrogen desoption in NaBH4-MgH2
mixture includes two steps, i.e. MgH2 decomposes to Mg and H2, followed by the
reaction between Mg and the NaBH4 to form NaH and MgB2. Compared with pure
NaBH4, the dehydrogeation temperature of NaBH4 in NaBH4/MgH2 was decreased
by about 40 °C. Furthermore, through doping various catalysts, it was found that
TiF3 exhibited fast kinetics and a superior catalytic effect which lowered the
decomposition temperature by 100 °C. In addition, the rehydrogenation experiments
revealed that the TiF3 doped 2NaBH4/MgH2 sample could be rehydrogenated up to
5.89 wt % hydrogen within 12h at 600 oC and 4 MPa H2.
For the LiAlH4-NaBH4 system, it has been demonstrated that there is a
mutual destabilization between LiAlH4 and NaBH4 in the LiAlH4-NaBH4 system,
which decreased the decomposition temperature of both hydrides. After doping with
TiF3, the onset temperatures for both hydrides were decreased to 60 °C and 300 °C,
respectively, which are 65 °C and 200 °C lower than those of bare LiAlH4 and
NaBH4. The presence of TiF3 also destabilized the decomposition of LiH and NaH,
the intermediate products formed during the decomposition of LiAlH4 and NaBH4,
resulting in a complete decomposition of the LiAlH4-NaBH4. PCT and van’t Hoff
plots showed that the decomposition enthalpy of NaBH4 in the TiF3-doped LiAlH4–
NaBH4 system was decreased from 106.8 kJ/(mol of H2) for pure NaBH4 to 68.16
kJ/(mol of H2). Without any catalyst, 2.4 wt % and 0.8 wt % are reversibly stored by
pure LiAlH4 and pure NaBH4 respectively. About 4 wt. % hydrogen can be
reversibly stored by dehydrogenated TiF3-doped LiAlH4–NaBH4.

283

It was also shown that addition of CaH2 or Ca(BH4)2 to NaBH4 causes
destabilization through the formation of CaB6, resulting in a lower decomposition
temperature and faster desorption rate. In particular, as a source of CaH2, addition of
Ca(BH4)2 leads to superior hydrogen desorption performance, so that decomposition
ends at 500 °C, compared to the release of only 1.0 wt % hydrogen after heating to
500 °C for the pure NaBH4. From careful examination of the ball-milled samples, it
appears that the NaBH4 and Ca(BH4)2 in the 4NaBH4-Ca(BH4)2 composite exist as a
physical mixture after ball milling. During dehydrogenation, Ca(BH4)2 first
decomposes to the unidentified new materials CaBmHn and CaH2, which reacts with
NaBH4, resulting in destabilization. Partial reversibility of the NaBH4/Ca(BH4)2
composite with and without catalyst was also confirmed under moderate conditions,
with formation of NaBH4.
In Chapter 5, we have investigated the effects of vacuum and hydrogen backpressure on the de/rehydrogenation kinetics of the LiBH4-MgH2 system with and
without NbF5 doping. Static vacuum allows fast desorption kinetics along with the
formation of the main phases Mg, Li-Mg alloy, and boron, but results in slow
absorption kinetics. In contrast, LiH and MgB2 are the major products when the
dehydrogenation is conducted under hydrogen back-pressure. The formation of
MgB2 plays a crucial role in enhancing the absorption kinetics and increasing the
reversible hydrogen storage capacity of this system. However, the formation of
MgB2 is achieved with the penalty of much slower desorption kinetics. We have also
shown that the addition of NbF5 to the LiBH4-MgH2 system significantly improves
the hydrogen desorption kinetics under either hydrogen back-pressure or static
vacuum. Subsequent rehydrogenation experiments also revealed a significant
increase in the rate of absorption, as well as the weight percentage of hydrogen
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absorbed, with additives. In particular, the NbF5 doped sample showed good
reversible cycling with high hydrogen storage capacity when the dehydrogenation
was conducted under hydrogen back-pressure. The observed improvement may be
ascribed to the effects of reduced Nb species during ball milling or heating processes.
It was also shown that the hydrogen de/absorption properties of the LiBH4MgH2 system were improved by introducing Ru nanoparticles distributed on
MWCNT support. Compared to the neat LiBH4-MgH2 system, the samples
containing Ru/C catalyst exhibit considerable enhancement of the dehydrogenation/
rehydrogenation kinetics. Also, a reversible rehydrogenation capacity of ~ 7.8 wt %
has been demonstrated under moderate conditions (500 °C, 4 MPa) over 9 h, which
is 2 wt % higher than for the neat system. Moreover, the catalytically enhanced
rehydrogenation capactiy arising from the addition of Ru/C catalyst is highly stable
during de/ rehydrogenation cycling.
Nanosized Ni was also used to prepare LiBH4-MgH2-Ni (2:1:0.5 and 2:1:0.05
mole ratio, respectively) composites for enhancing the hydrogen de/resorption
performance of the LiBH4-MgH2 (2:1 mole ratio) system. The first-step
dehydrogenation (MgH2) was significantly promoted in both the 2LiBH4-MgH20.05Ni and the 2LiBH4-MgH2-0.5Ni composites due to the catalytic effect of nanoNi, but the second-step dehydrogenation (LiBH4) is only enhanced in the case of the
latter composite. A higher reversible capacity was also observed in the case of
LiBH4-MgH2-0.5Ni, in which about 5.3 wt % hydrogen can be reversibly stored
when the sample is held under 400 °C and 55 bar hydrogen pressure for 10 h, which
is higher than for the 2LiBH4-MgH2 sample (4.4 wt %). The formation of
borohydride anions was confirmed by FTIR in the rehydrogenated sample. XRD
analysis indicates that the Mg-Ni-B ternary alloy formed upon dehydrogenation in
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the case of 2LiBH4-MgH2-0.5Ni composite, which is different compared to the
dehydrogenation of the 2LiBH4-MgH2 and 2LiBH4-MgH2-0.05Ni samples, where
Mg or Li-Mg alloy, and B were mainly generated upon dehydrogenation. The
formation of Mg-Ni-B ternary alloy may play a crucial role in enhancing the
hydrogen de/absorption of the 2LiBH4-MgH2 system by changing the original
dehydrogenation/rehydrogenation pathway.
In Chapter 6, the prepared LiAlH4-MgH2-TiF3 composite achieved a much
lower onset dehydrogenation temperature (60 °C) and faster dehydrogenation
kinetics compared to LiAlH4-MgH2. Furthermore, the hydrogen absorption
properties of the LiAlH4-MgH2-TiF3 composite were also significantly improved.
The PCT curves clearly exhibited two plateaus during the decomposition of MgH2,
corresponding to the formation of Li-Mg and Mg-Al alloys, demonstrating the
interaction of LiAlH4 with MgH2. It has also been demonstrated that the TiF3
component in the doped system plays a catalytic role through the formation of Ticontaining and F-containing catalytic species, which strengthens the interaction
between LiAlH4 and MgH2, and thus further improves the dehydrogenation and
hydrogenation of this system.
Meanwhile, the TiF3-doped LiAlH4–LiBH4 system prepared by ball milling
exhibits improved hydrogen sorption performance. Compared to the un-doped
LiAlH4–LiBH4 system, the onset decomposition temperature for the 5 mol % TiF3
doped sample was decreased from 118 °C to 54 °C. Pressure-compositiontemperature (PCT) and van’t Hoff plots illustrate that the decomposition enthalpy of
LiBH4 in the TiF3 doped LiAlH4–LiBH4 system decreased from 74 kJ/(mol of H2) for
the pure LiBH4 to 60.4 kJ/(mol of H2). In addition, the dehydrogenation products of
the TiF3 doped LiAlH4–LiBH4 system can absorb 3.76 and 4.78 wt.% of hydrogen in
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1 h and 14 h , respectively, at 600 °C and 4 MPa of hydrogen. The XRD results
demonstrated the formation of LiBH4 in the rehydrogenated sample.
It has also been demonstrated that there is a mutual destabilization between
the hydrides in the ternary LiAlH4-MgH2-LiBH4 system, which exhibits superior
hydrogen storage properties compared with the unary components (LiAlH4, MgH2,
and LiBH4) or binary mixtures of those components (LiAlH4-MgH2, LiAlH4-LiBH4,
and MgH2-LiBH4). XRD analysis indicates that the intermediate compounds, Li-Mg,
Mg-Al, and Mg-Al-B alloys, formed during dehydrogenation, may improve the
thermodynamics of reactions by changing the de/rehydrogenation pathway. After
doping with TiF3, the dehydrogenation kinetics of the system can be further
improved, and the dehydrogenation is completed below 400 °C. The enthalpy change
of the dehydrogenation for the TiF3-doped system is identified as 54 kJ/mol-H2 by
means of pressure-component isotherms and the van’t Hoff equation, which is
smaller than that of LiBH4 alone (74 kJ/mol-H2), demonstrating the mutual
destabilization among the three hydrides. The TiF3 doped ternary system showed
excellent reversibility and cyclic properties. The formation of both MgH2 and LiBH4
could be detected by XRD in the rehydrogenated sample. About 4 wt % hydrogen
can be reversibly rehydrided by the dehydrogenated product at moderate temperature
and pressure (4 MPa, 400 °C), which is smaller than the theoretical value, due to the
formation of Mg2Al3, which is hard to hydrogenate under these conditions.
Chapter 7 deals with the influence of NiCl2 and CoCl2 on the
dehydrogenation temperature and the sorption kinetics of MgH2. It was found that
the MgH2/NiCl2 sample showed better sorption properties than the CoCl2 doped
sample. A hydrogen absorption capacity of 5.17 wt % could be reached in 60 s at 300
°C for the MgH2/NiCl2 sample, while only 3.51 wt % hydrogen was absorbed by
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pure MgH2, even after 400 s under the same conditions. In addition, the activation
energy of dehydrogenation was estimated to be 158.5, 121.3, and102.6 kJ/mol for the
pure MgH2, MgH2/CoCl2 and MgH2/NiCl2 sample, respectively. Furthermore, the
enhanced kinetics was found to persist even after 9 cycles in the MgH2/NiCl2 sample.
Further kinetic investigation indicated that the hydrogen desorption from the milled
MgH2 is controlled by a slow, random nucleation and growth process, which is
transformed to two-dimensional growth after NiCl2 or CoCl2 doping, suggesting that
the additives reduced the kinetic barrier and lowered the driving forces for nucleation.
On the other hand, both NiCl2 and CoCl2 can readily react to form MgCl2, which
may have preferably segregated on the surface, thus catalyzing the hydrogen sorption.
In Chapter 8, the dehydrogenation kinetics and thermodynamics of Ca(BH4)2
were systematically investigated. The dehydriding reaction of Ca(BH4)2 starts at
approximately 320 °C, and approximately 9.6 % of the hydrogen is desorbed up to
500 °C in a two-step reaction. Kinetic investigations indicated that a relatively high
kinetic barrier needs to be surmounted for hydrogen desorption from Ca(BH4)2, with
an activation energy of approximately 225.37 and 280.51 kJ/mol for the first step and
the second step, respectively. A geometrical contraction-controlled kinetic
mechanism was identified for the first-step dehydrogenation by analyzing isothermal
hydrogen desorption curves by a linear plot method. Based on the results of the PCT
measurements, the enthalpy change and entropy change were estimated to be 87
kJ/mol-H2 and 158 J/ K·mol-H2, respectively, by using the van’t Hoff equation.
In

Chapter

9,

it

has

been

demonstrated

that

the

hydrogen

desorption/absorption properties of NaAlH4 can be significantly improved by
introducing NbF5. The TPD results revealed a 71 °C reduction in the completion
temperature for the first two steps of dehydrogenation of the NbF5-doped NaAlH4
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sample compared to the pristine sample. Isothermal hydrogen desorption
investigations also showed that NaAlH4-0.03NbF5 exhibits pronounced kinetics,
even at reduced operation temperatures. Furthermore, the rehydrogenation of
NaAlH4 was also enhanced by 0.03 mol % NbF5 doping, absorbing 1.7 wt %
hydrogen at 150 °C over 2 h under ~5.5 MPa hydrogen pressure, and the
recombination of Na3 AlH6 in the rehydrogenation sample was confirmed. In contrast,
no hydrogen was absorbed by the pristine NaAlH4 sample under the same conditions.
It has also been demonstrated that during the mechanical milling of NaAlH4 and
NbF5, a fine dispersion of Al3Nb and NbHx forms, and these compounds probably
work together with the function of the F- anion as the active species in the following
dehydriding and hydriding processes, resulting in the enhancement of the
dehydrogenation and rehydrogenation kinetics of NaAlH4.
Furthermore, the effects of SWCNTs as a co-catalyst with NbF5 on the
dehydrogenation and hydrogenation kinetics of NaAlH4 were also investigated.
Either the SWCNTs or the NbF5 alone can improve the hydrogen de/absorption
properties of NaAlH4. Moreover, a synergistic effect on the dehydrogenation of
NaAlH4 occurs when SWCNTs are added as a co-dopant with NbF5. For example,
the synergistic effect results in the apparent activation energy for the first-step and
the second-step dehydrogenation of NaAlH4 being reduced to 85.9 kJ/mol and 96.2
kJ/mol, respectively. These positive effects can be ascribed to the in situ formation of
Nb- and F- containing species in the NbF5, as well as the presence of nanosized pores
and the high specific surface area of the SWCNTs.
10. 2 Outlook
In this thesis, a series of combined systems, such as NaBH4-MgH2, LiAlH4NaBH4, NaBH4-CaH2, NaBH4-Ca(BH4)2, LiBH4-MgH2, LiAlH4-LiBH4, LiAlH4-
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MgH2, and LiAlH4-MgH2-LiBH4; and a series of single metal hydrides such as
Ca(BH4)2, Ti-catalyzed NaBH4, Ni and Co-catalyzed MgH2, and NbF5 and/or
SWCNT catalyzed NaAlH4 have been systemically investigated for hydrogen storage.
The outcomes of this work will be helpful to give more scientific insight into the
selection of addtives and operational conditions for improving light metal hydrides
for practical application. However, they can be further extended and discussed in
many aspects.
(1) XRD and FTIR measurements have been employed to charactrise the reaction
mechanism and de/rehydrogenation products. However, it would be good to conduct
some Raman and B-NMR analysis on some samples to identify the intermediate
phases and de/rehydrogenation products especially the boron containing species.
This could therefore confirm that the IR peak observed at ~2500 cm-1 are due to the
presence of [B12H12]2-.
(2) It looks like the Ti based addtives are effective on improving the
de/rehydrogenation performance of light metal hydrides such as magnesium hydride,
alanates, and borohydrides. However, the active species in different hydrides may be
different, which should be in-depth investigated. On the other hand, a comparison
with other catalytsts would be good to evaluate the catalytic activity of Ti based
catalysts.
(3) For some materials, the thermodynamic parameters for the dehydrogenation have
been estimated based on the results of the PCT measurements. It would be good to
measure the thermodynamic parameters by DSC for comparison. On the other hand,
the plateau pressure at various temperatures also needs to be established more
precisely.
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(4) For the many materials studied in this thesis, the cyclic experiment was not
sufficiently performed. It would be good to conduct more cycles for practical
application purpose.
(5) Even though the dehydrogenation and rehydrogenation of light metal hydrides
can be promoted by adding a destabilized additive and catalyst, the conditions
required for dehydrogenation and hydrogenation are still too extreme for practical
applications. It would therefore be beneficial to do more work on this aspect of the
project to try and establish the optimum conditions for de/rehydrogenation attempts
on these samples.
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